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Compared to other amino acids, the branched-chain amino acids (BCAA) could 
be effective additives in foliarly applied fertilization products due to the fact that these 
molecules are aliphatic, non-polar, and relatively hydrophobic. The BCAA leucine (L), 
isoleucine (IL), and valine (V) are synthesized in plants and essential to growth for most 
organisms, however, plant catabolism of BCAA is not completely understood. In 
humans, BCAA have been reported to increase muscle protein synthesis, and that 
increase was related to the intake ratio of L to IL and V. 
The objective of these studies was to investigate whether BCAA could serve as a 
plant nitrogen (N) source, and to observe the effects of BCAA on creeping bentgrass 
(Agrostis stolonifera L.) growth when applied as single AA, 2-way combinations, and a 
3-way combination. Where BCAA were applied as a 3-way combination, the BCAA 
ratios of 2:1:1, 4:1:1, 8:1:1, and 12:1:1 (L:IL:V) were evaluated. The BCAA were also 
evaluated as a standalone N application, and also as a combination with urea as a portion 
of the total applied N.  
Applications of BCAA were compared to urea, an industry standard for N 
fertilization in turfgrass management, as well as GreenNCrease, a commercially available 
AA product. These nitrogen sources were compared for their effects on creeping 
bentgrass performance, color, quality, and growth under controlled environment and field 
conditions. 
Results from the controlled environment studies indicated that when BCAA are 
applied as a standalone N source in a 2:1:1 or 4:1:1 ratio (3.4 kg-N ha-1), shoot density of 
creeping bentgrass can be increased by 20-30% and 30-40%, respectively, compared to 
x 
equal urea N. Those responses were equal to GreenNCrease, a commercially available 
AA product reported to increase creeping bentgrass shoot density. While no increases in 
shoot density were observed between the BCAA 8:1:1 and 12:1:1 ratios compared to urea 
in our controlled environment studies, these ratios did result in material incompatibility 
as a result of incorporating additional L into the mixture, which has a greater 
hydrophobicity than IL and V. Material incompatibility was alleviated in these ratios by 
using a BCAA ratio half-rate (1.7 kg-N ha-1), in combination with urea (1.7 kg-N ha-1). In 
the controlled environment research, there were no differences between the BCAA ratio 
half-rate (L:IL:V+N) or full-rate (L:IL:V), when BCAA were applied in a 4:1:1 ratio.  
In the field study, creeping bentgrass receiving applications of BCAA 4:1:1 ratio 
half-rate (4:1:1+N) increased creeping bentgrass shoot density by 27% and 7% compared 
to equal N from urea and GreenNCrease, respectively. Additionally, the BCAA 4:1:1+N 
treatment also increased creeping bentgrass leaf N content by  10% and 14% compared to 
urea and GreenNCrease. There were no differences in shoot density at the end of the 
study between urea and the other BCAA treatments. Based on the results of these studies, 
BCAA are best applied in a 4:1:1 ratio, and applying BCAA in a 4:1:1 ratio using a half-
rate (1.7 kg-N ha-1) in combination with urea (1.7 kg-N ha-1) will promote the greatest 
increases in creeping bentgrass shoot density compared to urea under field conditions.  
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CHAPTER 1.    GENERAL INTRODUCTION 
Background 
Creeping bentgrass (Agrostis stolonifera L.) is a fine-textured, stoloniferous cool-
season turfgrass species. Creeping bentgrass is unique, in that it is one of the few turfgrass 
species that is able to tolerate extremely low mowing heights, while also maintaining 
adequate turfgrass shoot density. Under ideal growing conditions, creeping bentgrass 
provides a dense and uniform quality turfgrass surface that is ideal for high-value sporting 
environments, such as a golf course putting green (Christians et al., 2016). However, as 
temperatures increase throughout the growing season, creeping bentgrass can experience 
periods of decline, due to a decrease in plant photosynthetic rates (Huang, 2001, 2002; Xu 
and Huang, 2000). As a result, the shoot density and surface uniformity of creeping bentgrass 
putting surfaces can rapidly decline (McCarty, 2001). 
Through the use of cultivar screenings and cross selections, turfgrass breeders have 
been able to improve turfgrass performance during periods of high-plant stress (Huang et al., 
2015), however, it takes extensive time and resources before a commercial cultivar is 
produced.  
Recently, there has been an increase in research directed towards the use of specialty 
turfgrass fertilizer products (Blaylock, 2009) and their effect on turfgrass performance, 
including shoot density, under high-stress conditions (Ervin and Dickerson, 2013; Law et al., 
2013). Specialty turfgrass fertilizer products refers to those containing other materials in 
addition to mineral nutrition, and when applied to the plant in small concentrations, can 
affect plant biochemistry and influence plant growth. While the materials in these solutions   
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can vary drastically from product to product, a large number of these products contain amino 
acids (AA) (Schmidt, 1999).  
Under high-stress conditions, such as heat and drought, hormone levels within the 
plant become unbalanced (Huang and Fry, 1999; Xu and Huang, 2000), which can lead to the 
decline of turfgrass performance (Huang and Xu, 2007). Applications of AA may be 
beneficial in returning a balance to plant hormone levels, and therefore may improve 
creeping bentgrass performance compared to applications of mineral nutrition only (Fletcher 
and Hofstra, 1988; Zhang and Ervin, 2004). 
Amino acids are small organic compounds that contain nitrogen (N) in their chemical 
structure (Taiz and Zeiger, 2006). When the pH of an AA solution is below 9, for example, 
when AA are dissolved using deionized water (Gliński et al., 2000), the N side chain is 
positively charged (Lide, 1991), and this enables AA to enter the plant through negatively 
charged openings in the cuticle tissue of leaves (Stiegler et al., 2013). Additionally, AA 
having a hydrophobic side-chain can easily enter plant leaves using diffusion forces 
(Schönherr, 1976), resulting in N uptake by the plant. Compared to urea, which must be 
converted to ammonium prior to plant uptake through leaves, AA may be a more sustainable 
method of foliar N feeding (Hull et al., 2014), and because of this, AA are commonly 
incorporated into specialty turfgrass fertilization products. However, based on functional 
group and side-chain chemistry, some AA may be more effective than others as additives in 
specialty turfgrass fertilization products. Three AA that can enter the plant using both ion 
uptake and diffusion forces are the branched-chain amino acids (BCAA) leucine (L), 
isoleucine (IL), and valine (V).  
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Research on BCAA effects in humans has demonstrated that orally ingested BCAA in 
varying ratios of L:IL:V can result in the cultivation of muscle mass (Blomstrand et al., 2006; 
Holeček, 2002; Kerksick et al., 2006; Kimball and Jefferson, 2001, 2006; Pasiakos et al., 
2011). As a result, BCAA have gained popularity in the body building industry and are 
prominently found in nutrition and supplement stores (Singh, 2017). The increase in muscle 
mass is related to the intake ratio of L:IL:V, which results in an increase in muscle protein 
synthesis (Stoppani, 2014, 2018).  
While some studies have observed maximum increases to muscle protein synthesis 
using a BCAA 2:1:1 ratio, the ratio found to occur naturally in muscle tissue of mammals 
and a majority of plants in nature, others have reported optimal results using ratios up to 
12:1:1. As a result, it is common to find BCAA products for sale with ratios ranging 
anywhere from 2:1:1 to 12:1:1.  
Research on the effect of BCAA in plants is limited but has demonstrated that BCAA 
synthesis in plants is necessary for regular plant growth and development. BCAA synthesis 
occurs in plant chloroplasts, and any disruption or mutation in BCAA synthesis may result in 
death of the plant cell (Chen et al., 2003). A number of commercially available herbicides 
have been developed based on the differences in BCAA metabolism, and this allows the 
selective control of susceptible plant species (Zabalza et al., 2013). Additionally, BCAA 
catabolism in plants has been reported to result in the production of glucosinolates, a 
category of secondary plant metabolites that can interact with plant hormones, resulting in 
atypical plant growth (Chen et al., 2003; Xing and Last, 2017).  
Initial research trials indicated that BCAA could be suitable as a N source and that 
when foliarly applied together in combination, BCAA can possibly increase creeping 
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bentgrass shoot density compared to an equivalent application of mineral nutrition only. By 
applying BCAA directly to the creeping bentgrass leaf tissue, which can result in an increase 
of shoot density, BCAA could potentially be an additional tool superintendents can use when 
battling with summer bentgrass decline. 
The research objectives of this study were to examine the combined and separate 
effects of BCAA as a foliar N source. To investigate the effects of BCAA, the ratios of 2:1:1, 
4:1:1, 8:1:1, and 12:1:1 (L:IL:V) were evaluated for use on creeping bentgrass in a controlled 
environment and under field conditions. The BCAA were also evaluated as a standalone N 
application, and as a combination with urea as a portion of the total applied N. Applications 
of BCAA were compared to urea, an industry standard for N fertilization in turfgrass 
management, as well as a commercially available AA product. These nitrogen sources were 
compared for effects on the color, quality, shoot density, root growth and performance of 
creeping bentgrass.  
Dissertation Organization 
This dissertation has been constructed using the journal paper format. Chapter 1 
contains a general introduction to the dissertation. Chapter 2 includes a literature review of 
turfgrass fertilization, management of cool-season species putting greens, and the use of 
amino acids and specialty fertilizer products relevant to the studies conducted. Chapters 3-6 
are papers that will be submitted to Crop Science, for which Isaac Mertz served as the 
primary author and the primary researcher. Chapter 3 evaluates the BCAA for use as a N 
source, using specially made rooting tubes in a greenhouse setting. Chapter 4 is a 
continuation from the study referenced in chapter 3, with an emphasis placed on using potted 
greenhouse samples, and the incorporation of digital image analysis to quantify certain 
measurements.  
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Chapter 5 is a modified version of the study referenced in chapter 4, with an emphasis 
placed on the identification of an optimal application ratio of BCAA for increasing the shoot 
density of creeping bentgrass. The study referenced in chapter 6 is closely related to the study 
of chapter 5, with the addition of urea to BCAA treatments in order to assess whether 
application efficiency could be improved. Chapter 7 is the culmination of BCAA research 
and is a two-year study to assess the effects of BCAA on creeping bentgrass growth in the 
field. Chapter 8 is comprised of the general overall conclusions accumulated across all of the 
journal papers. References for each chapter’s contents are given at the end of each individual 
chapter. The final remaining section of this dissertation contains the acknowledgements and 
can be found on the concluding page of the dissertation. 
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CHAPTER 2.    LITERATURE REVIEW 
Introduction 
 
Creeping bentgrass (Agrostis stolonifera L.) is a fine-textured, stoloniferous cool-
season turfgrass species (Beard, 2001; Casler, 2003; Christians et al., 2016; Dernoeden, 
2012). Being a cool-season turfgrass species, optimal growing conditions for creeping 
bentgrass consist of air temperatures ranging from 15.6-23.9°C, and soil temperature ranging 
from 10-18.3°C (Dernoeden, 2000; Xu and Huang, 2000, 2001). Creeping bentgrass is 
unique, in that it is one of the few turfgrass species that is able to tolerate extremely low 
mowing heights, while also maintaining adequate turfgrass shoot density (Beard, 1999; 
Beard, 2001; Dernoeden, 2012; Liu and Huang, 2002). Under ideal growing conditions, 
creeping bentgrass provides a dense and uniform quality turfgrass surface that is ideal for 
high-value sporting environments, such as a golf course putting green (Beard, 2002; 
Dernoeden, 2012). Creeping bentgrass being stoloniferous, which allows itself to heal 
following injury (Christians et al., 2016), is another reason why it is prominently chosen as 
the surface of golf course putting greens (Hawes and Decker, 1977).  
Importance of Shoot Density 
 
Having the ability to maintain a high shoot density following close mowing is a 
necessary trait for grasses used in this way, due to the relationship between turfgrass shoot 
density and surface uniformity (Aldous, 2014; Fagerness et al., 2000; Landschoot, 2010; 
Rana and Askew, 2018; Streich and Gaussoin, 2000) and how these two characteristics can 
determine a golfer’s overall experience (Bouts, 2007; Griffin et al., 1964; Gross, 2006; 
Hurley, 2013). An additional benefit of having a high creeping bentgrass shoot density, other 
than improving surface uniformity, is that a high shoot density greatly decreases the invasion 
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pressure of weeds such as annual bluegrass (Poa annua L.), and organisms like moss and 
green algae (Beard, 1999; Foy, 1988; Toubakaris and McCarty, 2000). Together, these pests 
can negatively affect surface uniformity (Beard, 2002), and if present on just one or a few 
greens could affect the consistency of surface uniformity across all greens (Bigelow and 
Walker, 2007; Lyons, 2012; Moore, 2018), leaving golfers with a negative experience 
(Bouts, 2007; Griffin et al., 1964; Gross, 2006; Hurley, 2013). 
Importance of Surface Uniformity 
 
A major reason why surface uniformity has such a large impact on the experience of 
golfers is that high surface uniformity leads to a more consistent roll as the golf ball moves 
across the green upon being struck by the putter (Aldous, 2014; Landschoot, 2010). A 
consistent roll allows golfers to determine the best route to holing a putt with better precision 
and can potentially lead to less strokes occurring throughout a round of golf (Aldous, 2014). 
During the average round of golf on the Professional Golf Association (PGA) Tour, an 
average of 35-50% of all golf shots that occur take place on the putting green (Tour, 2019), 
so it’s easy to understand how poor surface uniformity could quickly alter the overall number 
of shots taken during a round of golf. If golfers are going to remember one thing during their 
round of golf, it is going to be the consistency and uniformity of the putting greens (Bouts, 
2007; Griffin et al., 1964; Gross, 2006; Hurley, 2013).  
Seasonal Decline of Creeping Bentgrass Shoot Desnity 
 
Because optimal growing conditions for creeping bentgrass consist of air 
temperatures ranging from 15.6-23.9°C, and soil temperature ranging from 10-18.3°C 
(Dernoeden, 2000; Xu and Huang, 2000, 2001), it can experience periods of decline during 
the summertime when temperatures often exceed these ranges (Liu and Huang, 2001; Pote et 
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al., 2006). When this occurs, creeping bentgrass shoot density can decline, and additional 
efforts may be needed in order to maintain it (Huang, 2001, 2002).  
When creeping bentgrass is not adapted to the environmental conditions and is chosen 
as the putting green surface, such as a high-end golf course in the southern United States, 
creeping bentgrass can experience stress and fail to maintain shoot density for long periods of 
time (Dernoeden, 2012; Dunn and Diesburg, 2004; Huang, 2001, 2002). Using creeping 
bentgrass farther in the south is a growing trend (Beard, 2001; Dunn and Diesburg, 2004), 
due to creeping bentgrass’ ability to provide a much more uniform surface than 
bermudagrass (Cynodon dactylon L.) (Beard, 2002; Foy, 1988), and the fact that many 
golfers prefer it (Foy, 1988; Morris, 2003).  
Creeping Bentgrass High-Shoot Density Culitvars 
 
To aid golf course superintendents in maintaining creeping bentgrass, turfgrass 
breeders are starting to direct their efforts at developing new creeping bentgrass cultivars that 
are capable of providing and maintaining a greater shoot density (Casler, 2003; Moeller et 
al., 2008; Sweeney et al., 2001; Toubakaris and McCarty, 2000; Warnke et al., 2003). 
To golf courses with a larger maintenance budget, these new creeping bentgrass 
cultivars can be a godsend, but to golf course superintendents at smaller clubs and municipal 
courses, the cost of converting to these new cultivars can be prohibitive. Additionally, the 
regrassing of putting greens to convert to a different cultivar is not something that can be 
done quickly, or in small steps/phases (Skorulski, 2012). Doing a conversion in phases could 
greatly alter the consistency of surface uniformity from green to green and have a negative 
impact in the long run due to the different management strategies needed to maintain putting 
greens with varying degrees of maturity (Skorulski, 2012). 
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Maintaining Creeping Bentgrass Shoot Desnity 
 
Increasing the shoot density of creeping bentgrass through chemical application 
would be extremely beneficial for golf course superintendents in this situation, because it 
would greatly decrease the cost compared to a complete regrassing of the surface, and the 
existing surface could remain in play with no down-time occurring. Additionally, due to the 
lower cost compared to regrassing, all the putting green surfaces could be altered in unison, 
which would not alter the consistency of surface uniformity from green to green (Skorulski, 
2012). It would not matter if the golf course is an 18-hole private club with an unlimited 
budget, or a small-town 9-hole municipal course, where the budget can be much tighter. 
Traditionally, maintaining of creeping bentgrass shoot density is done through 
attempts to lower the leaf canopy temperature when conditions are unfavorable (DiPaola, 
1984; Guertal et al., 2005), and by routine nitrogen (N) applications (Moeller et al., 2008; 
Razmjoo et al., 1996; Schlossberg and Schmidt, 2007).  
Creeping Bentgrass Fertilization Methods 
 
For creeping bentgrass, these N applications typically involve foliar fertilization 
methods using urea as a N source (Howieson et al., 2001; Hull et al., 2014; Stiegler et al., 
2013). Urea is able to enter the plant through leaves upon conversion to the cation 
ammonium by the enzyme urease (Hull et al., 2014). A major reason why the N is applied 
foliarly in creeping bentgrass management is due to the popularity of these putting greens 
being established on a sand-based rootzone (Beard, 2002). In this situation, N applied to the 
soil has a high likelihood of being lost prior to plant uptake due to leaching and 
volatilization, therefore, N uptake is promoted through leaf tissue and is not done as a soil 
application (Bundy, 2001; Jones et al., 2007; Wang and Alva, 1996).  
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Fertilizing with Amino Acids 
 
Recently, amino acids (AA) have been used in place of urea, and sometimes in 
combination with other N sources for these foliar N applications (Aamlid et al., 2017; 
Aylward and Chief, 2005; Blaylock, 2009). A benefit of using AA for these applications is 
that AA have been reported to result in additional plant benefits over applications of mineral 
nutrients only. Compared to mineral nutrition, AA-containing products have demonstrated 
improved root growth (Mertz, 2015; Mertz et al., 2017), increased rate of establishment 
(Aamlid et al., 2017) and recovery (Jones and Christians, 2011), enable grasses to better 
withstand environmental stresses (Zhang et al., 2013), as well as increased shoot density 
(Law et al., 2013). However, plant catabolism of AA is not entirely understood. 
Research has demonstrated that small organic compounds such as AA can enter the 
plant when foliarly applied through openings in the cuticle tissue which have a negative 
charge (Stiegler et al., 2013). When AA are dissolved in a solution using deionized water and 
the pH of the solution is below 9 (Gliński et al., 2000), the N-functional group of AA is 
positively charged (Lide, 1991) and this promotes movement of AA through the negatively 
charged openings of leaf cuticle tissue (Stiegler et al., 2013).  
Additionally, AA having a hydrophobic side-chain can easily enter the plant using 
diffusion forces (Schönherr, 1976), resulting in plant N uptake. Compared to urea, which 
must be converted to ammonium prior to plant uptake through leaves, AA may be a more 
sustainable method of foliar N feeding (Hull et al., 2014) , and because of this, AA are 
commonly incorporated into specialty turfgrass fertilization products. However, based on 
functional group and side-chain chemistry, some AA may be preferentially absorbed and 
more suitable than others for use in specialty turfgrass fertilization products.  
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The Branched-Chain Amino Acids 
 
Three AA that can be preferentially plant absorbed through leaf tissue using both ion 
uptake and diffusion forces are the branched-chain amino acids (BCAA). The BCAA leucine 
(L), isoleucine (IL), and valine (V) are synthesized in plants and essential to growth in most 
organisms (Harper et al., 1984). In humans, BCAA have been reported to increase muscle 
protein synthesis (Blomstrand et al., 2006; Kerksick et al., 2006; Kimball and Jefferson, 
2001, 2006; Pasiakos et al., 2011), and that increase was related to the intake ratio of L to IL 
and V (Kimball and Jefferson, 2001, 2006; Pasiakos et al., 2011). 
Because they can lead to an increase of muscle protein synthesis, BCAA products 
have increased on the shelves of body building and nutrition stores (Singh, 2017). However, 
there is no clear consensus on optimal ratio, and these products often contain varying 
amounts of L to IL and V. While some support the 2:1:1 ratio that is found to naturally occur 
in muscle tissue (Kimball and Jefferson, 2001, 2006), there are still others who have reported 
promising results using ratios greater than 4:1:1 (Pasiakos et al., 2011). Additionally, a 
minimal BCAA dose required for additional benefits to occur has not been identified. 
Hypothesis 
 
It is hypothesized that BCAA would be ideal choices as a creeping bentgrass foliarly 
applied N source or could be effective additives in foliarly applied fertilization products 
because they: 1) have aliphatic, nonpolar side chains, and 2) are relatively hydrophobic 
(Harper et. al., 1984). It is hypothesized that the hydrophobicity of these AAs makes them 
more mobile through the epicuticular wax and cutin of the leaf cuticle. Once through the 
cuticle, the hydrophobicity of BCAA could promote diffusion through the cell membranes of   
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leaf tissues (Schönherr, 1976). Together, these characteristics favor plant absorption of 
BCAA (Marschner, 1995; Marschner, 2011; Stiegler et al., 2013; Totten et al., 2008). 
 Additionally, BCAA are believed to result in the production of glucosinolates, a 
category of secondary plant metabolites that can interact with plant hormones, resulting in 
atypical plant growth (Harper et al., 1984).  
Objective 
 
To my knowledge, this is the first study to investigate the effects of BCAA on 
creeping bentgrass performance. The overall objective of these studies was to examine the 
combined and separate effects of BCAA as a foliar N source. To investigate the effects of 
BCAA, the ratios of 2:1:1, 4:1:1, 8:1:1, and 12:1:1 (L:IL:V) were evaluated for use on 
creeping bentgrass. The BCAA were also evaluated as a standalone N application, and as a 
combination with urea as a portion of the total applied N.  The studies discussed in this 
dissertation are a combination of controlled environment experiments, and culminated in a 
field experiment that was repeated over two years at the Iowa State University Horticulture 
Research Station, located in Ames, IA. 
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CHAPTER 3.    EVALUATION OF THE BRANCED-CHAIN AMINO ACIDS FOR 
USE AS A NITROGEN SOURCE ON CREEPING BENTGRASS IN 
ROOTING TUBES 
Modified from a paper to be submitted to Crop Science  
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Abstract 
While research on the effect of branched-chain amino acids (BCAA) in plants is 
limited, it has demonstrated that BCAA synthesis in plants is necessary for regular plant 
growth and development. Branched-chain amino acid synthesis occurs in plant chloroplasts, 
and any disruption or mutation in BCAA synthesis may result in death of the plant cell. A 
number of commercially available herbicides have been developed based on interfering with 
BCAA synthesis and allow the selective control of susceptible plant species. Additionally, 
BCAA catabolism in plants has been reported to result in the production of glucosinolates, a 
category of secondary plant metabolites that can interact with plant hormones, resulting in 
atypical plant growth.  
The objective of this study was to evaluate the use of the BCAA leucine (L), 
isoleucine (IL), and valine (V) as a nitrogen source on creeping bentgrass (Agrostis 
stolonifera L). Using specially made rooting tubes, L, IL, and V were applied in a complete 
factorial and compared to equal urea nitrogen at 4 rates, and an untreated control. Where all 
three BCAA were applied in combination, the application ratios of 2:1:1 and 4:1:1 (L:IL:V) 
were tested. After 8-weeks, there were no differences in root length, root weight, or shoot 
weight, however, BCAA 2:1:1 and 4:1:1 increased creeping bentgrass shoot density by 24% 
and 32%, respectively, compared to urea. Nitrogen application rate had no effect. Based on 
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these results, BCAA applied in a complete combination using ratios of 2:1:1 or 4:1:1 will 
provide a greater creeping bentgrass shoot density compared to equal urea nitrogen. 
Introduction 
Many commercial turfgrass fertilizers contain organic materials in addition to 
nitrogen (N), phosphorus (P), and potassium (K) (Schmidt and Zhang, 1997). These products 
are referred to as specialty fertilizer products, and can contain organic additives such as plant 
hormones, humic substances, amino acids (AA), or a combination thereof (Schmidt, 1999; 
Schmidt and Zhang, 1997). The addition of organic materials, specifically AA, has been 
reported to improve plant growth over that of mineral nutrition only (Ervin and Zhang, 2008; 
Schmidt et al., 2003). As a result, the use of specialty fertilizers has increased and AA-
containing products have surged in commercial availability (Aylward and Chief, 2005).  
Amino acids are the building blocks of proteins, enzymes, nucleic acids, antioxidants, 
and other secondary compounds necessary for life (Taiz and Zeiger, 2006). They contain an 
amino group (NH2), which makes them a possible N source when applied to plants (Taiz and 
Zeiger, 2006). Research has reported that when foliarly applied, some of these organic 
molecules can enter the plant through leaf tissue, resulting in N uptake (Joy and Antcliff, 
1966; Mäkelä et al., 1996).  
Foliarly applied AA enter the plant through openings in leaf cuticle tissue that are 
negatively charged (Stiegler et al., 2013). When the pH of an AA solution is below 9, such as 
when AA are dissolved using deionized water (Gliński et al., 2000), the N functional group 
of AA is positively charged (Lide, 1991) and this promotes movement of AA through the 
negatively charged openings of leaf cuticle tissue (Stiegler et al., 2013). Additionally, AA 
having a hydrophobic side-chain can easily enter the plant using diffusion forces (Schönherr, 
1976).  
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Because of this, some AA may be more effective than others as additives in foliarly 
applied fertilizers. Three AA that can be plant absorbed using both ion uptake and diffusion 
forces are the branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine 
(V). The BCAA could be effective additives in foliarly applied fertilization products because 
they: 1) have aliphatic, nonpolar side chains, and 2) are relatively hydrophobic (Harper et. 
al., 1984). It is hypothesized that the hydrophobicity of these AAs makes them more mobile 
through the epicuticular wax and cutin of the leaf cuticle. Once through the cuticle, the 
hydrophobicity of BCAA could promote diffusion through the cell membranes of leaf tissues 
(Schönherr, 1976). Together, these characteristics favor plant absorption of BCAA 
(Marschner, 1995; Marschner, 2011; Stiegler et al., 2013; Totten et al., 2008). 
Research on plant BCAA catabolism, and the effect of exogenously applied BCAA 
on plant growth is limited, however, research on BCAA effects in humans has been studied, 
with a large emphasis of that research being placed on their effect on the rate of protein 
synthesis (Blomstrand et al., 2006; Kimball and Jefferson, 2001, 2006). The BCAA have 
been demonstrated to increase muscle protein synthesis of humans (Holeček, 2002; Kerksick 
et al., 2006; Pasiakos et al., 2011), and that increase is related to the intake ratio of L to IL 
and V (Pasiakos et al., 2011; Stoppani, 2014, 2018).  
Because they can lead to an increase of muscle protein synthesis, BCAA products 
have increased on the shelves of body building and nutrition stores (Singh, 2017). However, 
there is not a clear consensus on the optimal intake ratio (L:IL:V), and commercially 
available BCAA products often contain varying amounts of L to IL and V. One thing there is 
a clear consensus on, is that all 3 BCAA must be present in some amount, for the benefit of 
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increased muscle protein synthesis to occur. If only two, or a single BCAA are present, no 
such increase has been reported.  
The objective of this study was to investigate the use of the BCAA as a N source for 
fertilizing creeping bentgrass (Agrostis stolonifera L.), and to observe whether any additional 
benefits occur when BCAA are applied in a complete combination (L:IL:V). To investigate 
the responses of creeping bentgrass to BCAA application, L, IL, and V were applied in a 
complete factorial at 4 levels of N. These applications were compared to equivalent N 
applications using urea. Where BCAA were applied in a 3-way combination, the ratios of 
2:1:1 and 4:1:1 (L:IL:V) were tested. The N rates evaluated were 3.4, 6.8, 13.6, and 27.2 kg-
N ha-1. A total of 4 replications were used and the study was repeated in time. 
Materials and Methods 
Rooting Tube Construction and Grass Establishment 
Using modified methods originally described by Lehman and Engelke (1991), 
rooting-tubes were constructed using 3.2-cm diameter polyvinyl chloride (PVC) pipe and a 
2.6-cm diameter polyethylene insert. Each polyethylene insert was filled with a sand 
rootzone to a depth of 60-cm. The rootzone particle analysis was 8.2% very coarse, 35.3% 
coarse, 44.3% medium, 11.9% fine, 0.1% very fine, and 0.2% silt/clay by volume, with a pH 
of 8.2. This sand met the physical specifications for a sand-based putting green rootzone as 
specified by the United States Golf Association (USGA) (Beard, 2002). The sand-filled 
polyethylene inserts were placed into 60-cm long pieces of PVC pipe which were secured to 
a greenhouse rack at an orientation of 45°.  
Throughout each run of the trial, supplemental radiation was provided when day-time 
irradiance dropped below 200 µmol m-2s-1 to ensure a consistency of 16 hours of light day-1, 
as measured with a LightScout Quantum Meter (Spectrum Technologies Inc., Aurora, IL). 
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Peak daytime irradiance ranged from 350 to 385 µmol m-2s-1 (mean = 330 µmol m-2s-1). Air 
temperature ranged from 22.3 to 23.6°C (mean = 22.8°C). Relative humidity ranged from 
24.3 to 44.7% (mean = 35.6%). 
Following rooting tube set up, slits were made to the bottom of each polyethylene 
insert for drainage to occur. Creeping bentgrass ‘007’ samples were established from seed 
(48.8 kg ha-1) in 2014 at the Charles V. Hall Greenhouses Iowa State University (ISU) Ames, 
Iowa. At the time of seeding, the application of a modified Hoagland’s solution was made to 
promote uniform germination (Carrow et al., 1975). The modified Hoagland’s solution was 
N free, applied at a rate of 48.8 kg phosphorus (P) ha-1 (24ppm P, 63ppm K, 19ppm Mg, and 
1.2ppm Fe). Tubes were mist watered with 2-mL four times day-1 until seeds began 
germinating, as determined visually by the primary investigator. Following germination, 
watering transitioned to 2.54-cm week-1.  
Experimental Treatments and Application 
The experiment was repeated over two periods. Run 1 of the study was initiated on 7 
April 2014, with run 2 beginning on 21 July 2014. In each run of the study, initial N 
applications were applied 14-DAS (days after seeding) and continued throughout each run of 
the study on 14-day intervals. In both runs of the study, a total of 4 treatment applications 
were made. For run 1, treatment applications occurred on 21 April, 5 May, 19 May, and 2 
June. In run 2, treatment applications occurred on 4 August, 18 August, 1 September, and 15 
September. All N sources were evaluated at N application rates of 3.4, 6.8, 13.6, and 27.2 kg-
N ha-1 (Table 1). 
Nitrogen sources were applied foliarly using a hand-held sprayer, with a carrier 
volume that was equal to 815-L ha-1. Deionized water (pH 5.8) was used to dissolve N 
treatments into solution, prior to application. Following application, treatments were allowed 
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to dry on the leaf tissue, before being watered in. Withholding irrigation until after treatments 
had dried was done to promote maximum foliar absorption of the materials. 
Nitrogen sources consisted of: L,V, IL, L + V, L + IL, IL + V, L + IL + V (2:1:1), L + 
IL + V (4:1:1). An untreated control (UTC) (no N fertilizer), and urea containing an equal 
amount of N to BCAA combinations were included for comparisons. The BCAA used in this 
study were rated as food-grade quality and purchased from BulkSupplements.com (Hard 
Eight Nutrition LLC., Henderson, NV). Nitrogen content by weight for BCAA was as 
follows: L-leucine and L-isoleucine 10.7% N, and L-valine 12% N.  
Creeping bentgrass plants were initially cut when the samples had reached a 3.38-cm 
height on average. Samples were maintained at a 2.54-cm height of cut (HOC) by hand, 
utilizing hand shears weekly. At 49-DAS, samples were allowed to grow uncut through the 
duration of the study. Trimming was ceased in order to assess the effect of treatment on 
above-ground biomass growth. At the conclusion of the study, physical plant measurements 
were determined as described below. 
Data Collection 
At 63-DAS, the polyethylene inserts were removed from PVC tubes and placed on a 
wire-mesh screen. Polyethylene inserts were separated from the rootzone by cutting down 
one side and carefully removing them (Lehman and Engelke, 1991). Intact rootzones were 
rinsed free of sand over the mesh screen using deionized water. To weigh roots and shoots 
separately, samples were severed at the crown using scissors. Prior to weighing, shoot and 
root tissues were oven dried at 80°C (24-hrs) (Scientific Engineering Response Analytical 
Services, 1994). For rooting weight, the loss on ignition method was used  (Ball, 1964; 
Sluiter et al., 2008). 
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Prior to shoot weight measurements, the number of shoots were counted by hand 
using modified methods described by Law et al. (2013). In addition to these measurements, 
average rooting and shoot length (cm) were also measured by hand at 63-DAS using a ruler. 
Experimental Design and Statistical Analyses 
A completely randomized design was used with four replications. Data were analyzed 
using the GLM procedure (SAS version 9.3; SAS Institute, 2011). Due to a non-significant 
interaction between N-source and N-rate, N-source data were combined across rates, and the 
effect of N-rate will be discussed independently. Orthogonal contrasts (Hoke et al., 1990) 
were used to compare each BCAA combination(s) to urea, an industry standard. Mean 
separation was done using the Ryan-Einot-Gabriel-Welsch (REGWQ) multiple range test 
(Hochberg et al., 1987; Mickey et al., 2004) at α = 0.05. Unless otherwise noted, all results 
have been combined between runs and are presented as a single dataset due to a non-
significant interaction between treatment and runs.  
Results 
Rooting Length 
At 63-DAS, rooting length measurements were not affected by N-source or N-rate. 
On average, creeping bentgrass roots extended to the bottom of rooting tubes, regardless of 
N-source or N-rate application.  
Below-Ground Root Weight 
Compared to the UTC, creeping bentgrass receiving N-applications had greater root 
weight measurements at 63-DAS, regardless of N-source (Table 2). Compared to urea, all 
BCAA combinations resulted in equal root weights, and there were no differences between 
BCAA combinations. A difference in N-rate was detected between fertilized creeping   
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bentgrass and the unfertilized control, however, where N was applied N-rate had no effect on 
creeping bentgrass root weight (Table 3).  
Above-Ground Shoot Weight 
Shoot weight was greatest in creeping bentgrass receiving applications of urea, 2:1:1, 
and 4:1:1 (L:IL:V), where shoot weight was increased by 142%, 123%, and 140%, 
respectively, compared to the UTC (Table 2). When BCAA were applied as L or V, creeping 
bentgrass shoot weight was less than equivalent urea N. Orthogonal contrasts, which 
excludes the UTC, indicate that all single and 2-way BCAA combinations resulted in less 
shoot weight compared to equivalent urea N (Table 2). Nitrogen rate had no effect on 
creeping bentgrass shoot weight.  
Above-Ground Shoot Height  
At the conclusion of the study (63-DAS), samples receiving urea N had greater 
above-ground shoot height measurements than the other samples receiving N and the UTC 
(Table 2). All BCAA combinations increased shoot height compared to the UTC, but were 
less than urea-N. There were no differences in shoot height between BCAA combinations. 
On average across all BCAA combinations, creeping bentgrass shoot height was 22% less, 
compared to urea N. A difference in N-rate was detected between fertilized creeping 
bentgrass and the unfertilized control, however, there were no differences in N-rate when N 
was applied (Table 3).   
Shoot Density 
When BCAA were applied as 2:1:1 and 4:1:1, creeping bentgrass shoot density was 
increased by 24% and 32%, respectively, compared to urea N (Table 2). Orthogonal contrasts 
between each BCAA combination and urea, excluding the UTC, revealed that creeping 
bentgrass shoot density was decreased compared to urea N for the IL and IL + V 
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combinations. Additionally, IL was the only BCCA N-source that failed to increase creeping 
bentgrass shoot density over the UTC. Nitrogen rate had little effect on creeping bentgrass 
shoot density measurements. Where N was applied, no differences in shoot density occurred 
between N-rates (Table 3).  
Conclusions 
Creeping bentgrass receiving applications of BCAA N resulted in root and shoot 
weights that were equal to urea N. While N-source had little effect on biomass accumulation 
measurements, an additional benefit of increased shoot density was observed when BCAA 
were applied in a 3-way combination, indicating benefits reported to occur in human research 
may also translate to plants. Based on these results, using BCAA 2:1:1 or 4:1:1 (L:IL:V) 
applications (3.4 kg-N ha-1) can increase creeping bentgrass shoot density compared to urea-
N, regardless of N-rate used. 
The N-rate had little effect on creeping bentgrass performance. Where N-rate did 
have an effect, differences were often a result of fertilized vs. unfertilized creeping bentgrass. 
On average, N increased creeping bentgrass root weight, shoot height, and shoot density 
compared to creeping bentgrass receiving no N. For those same measurements, no increases 
were observed as N-rate increased beyond 3.4 kg-N ha-1. 
The BCAA appear to be suitable for use as an N-source on creeping bentgrass, and 
compared to urea, shoot height, and also shoot weight for single AA and 2-way 
combinations, were negatively affected. If applied as a complete combination, the additional 
benefit of increased shoot density can occur, and no such benefits were observed when 
BCAA were applied as a single AA or 2-way combination. This is apparently due to a plant 
growth regulating (PGR) effect, above that provided by N alone. Previously, AA applications 
have been reported to affect endogenous plant hormone levels (Aamlid et al., 2017; 
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Carbonera et al., 1989; Jones and Christians, 2011; Merewitz et al., 2012; Zhang et al., 
2013), and this demonstrates how AA applications can result in PGR activity.  
Future work will focus on trying to understand the effect BCAA are having on 
creeping bentgrass shoot density. To better understand plant catabolism of BCAA, an 
emphasis will be placed on implementing methods to better track the effects BCAA are 
having on plant growth using the 3.4 kg-N ha-1 rate. 
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Table 1. Description of the nitrogen (N) sources and rates applied˧  to creeping bentgrass 





 % kg-N ha-1 
Untreated Control 0 0 
Urea 46 3.4, 6.8, 13.6, 27.2 
Leucine (L)₱  10.7 3.4, 6.8, 13.6, 27.2 
Isoleucine (IL)₱  10.7 3.4, 6.8, 13.6, 27.2 
Valine (V)₱  12 3.4, 6.8, 13.6, 27.2 
L + IL 10.7 3.4, 6.8, 13.6, 27.2 
L + V 11.4 3.4, 6.8, 13.6, 27.2 
IL + V 11.4 3.4, 6.8, 13.6, 27.2 
L:IL:V (2:1:1)  11.1 3.4, 6.8, 13.6, 27.2 
L:IL:V (4:1:1)  11.1 3.4, 6.8, 13.6, 27.2 
˧ Nitrogen applications for run-1 were applied chronologically on the following dates in 2014: 21 April, 5 May, 19 May, and 2 June.                            
In run-2, nitrogen was applied chronologically on the following dates in 2014: 4 August, 18 August, 1 September, and 15 September. 
During each run of the study, a total of 4 N applications were made using each N-source and N-rate. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 





















Table 2: Effects of nitrogen (N) sourceΔ on creeping bentgrass rooting length€, root 
weight±, shoot height¥, shoot weight£, and shoot density¶ growing in sand in 





















Untreated Control 59.6  0.11b† 4.5d 0.15c 27.0e 
Urea 56.3 0.21a 7.8a 0.36a 38.6bc 
Leucine (L)₱ 59.2 0.20a 6.2bc 0.18c 39.1bc 
Isoleucine (IL)₱ 59.8 0.20a 5.9bc 0.27abc 31.4de 
Valine (V)₱ 59.8 0.22a 6.4b 0.20bc 36.9bc 
L + IL 57.7 0.23a 5.9bc 0.24abc 41.2b 
L + V 55.6 0.20a 5.7c 0.28abc 41.8b 
IL + V 59.3 0.20a 6.5b 0.28abc 34.7cd 
L:IL:V (2:1:1) 59.6 0.20a 6.2bc 0.33ab 47.7a 
L:IL:V (4:1:1) 58.4 0.22a 6.2bc 0.36a 50.9a 
CONTRASTS 
Leucine (L) Vs. Urea  NS‡ NS *** *** NS 
Isoleucine (IL) vs. Urea NS NS *** * *** 
Valine (V) vs. Urea NS NS *** * NS 
L + IL vs. Urea NS NS *** * NS 
L + V vs. Urea NS NS *** * NS 
IL + V vs. Urea NS NS *** * * 
2:1:1 vs. Urea NS NS *** NS *** 
4:1:1 vs. Urea NS NS *** NS *** 
€ Rooting length  measured in cm using a ruler. 
± Root weight as determined by loss on ignition method. 
¥ Average shoot height measured in cm with a ruler. 
£ Oven-dry weight of shoots measured in grams. 
¶ Average Number of creeping bentgrass shoots counted by hand.  
ΔDue to a non-significant interaction between N-source and N-rates, results have been combined across rates by N-source. 
† Within columns, means followed by the same letter are not significantly different according to REGWQ multiple range test at α = 0.05. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 










Table 3: Effects of nitrogen (N) rate on creeping bentgrass rooting length€, root weight±, 






















0 59.6 0.11b† 4.5b 0.15 27.0b 
3.4 57.8 0.20a 6.1a 0.25 37.7a 
6.8 58.7 0.23a 6.4a 0.27 39.8a 
13.6 58.9 0.21a 6.4a 0.28 41.7a 
27.2 58.3 0.19a 6.2a 0.29 41.9a 
† Within columns, means followed by the same letter are not significantly different according to REGWQ multiple range test at α = 0.05. 
€ Rooting length measured in cm using a ruler. 
± Root weight as determined by loss on ignition method. 
¥ Average shoot height measured in cm with a ruler. 
£ Oven-dry weight of shoots measured in grams. 


















CHAPTER 4.    UTILIZING BRANCHED-CHAIN AMINO ACIDS FOR 
INCREASING SHOOT DENSITY IN CREEPING 
BENTGRASS 
Modified from a paper to be submitted to Crop Science  
Isaac Mertz, Nick Christians, and Adam Thoms 
 
Abstract 
The branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine (V) 
are synthesized in plants, and are essential to growth in most organisms. Research has 
demonstrated that when foliarly applied, these compounds can be absorbed by the plant, 
however, plant catabolism of BCAA is not completely understood. In earlier work, BCAA 
applications increased the shoot density of creeping bentgrass (Agrostis stolonifera L.) when 
applied at a 2:1:1 and 4:1:1 ratio (L:IL:V) compared to urea nitrogen (N). Based on those 
findings, a new study was initiated using digital image analysis (DIA) to better track and 
understand the effect of BCAA applications on creeping bentgrass above ground growth.  
The objective of this study was to evaluate creeping bentgrass responses to BCAA 
application and compare them to equal urea N, and GreenNCrease. Creeping bentgrass 
samples were established from seed in sand-filled pots under controlled environment 
conditions. All N treatments were applied on a 14-day interval, at an equal N rate of 3.4 kg N 
ha-1. Measurements included shoot density, root weight, shoot weight, and percent green 
cover. At the end of the study, there were no differences in root weight, shoot weight, or 
percent green cover between BCAA treatments and urea. However, BCAA 2:1:1 and 4:1:1 
increased shoot density 21% and 30%, respectively, compared to urea and were equal to 
those observed for GreenNCrease.  
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Introduction 
Commercial turfgrass products may include organic materials, as well as inorganic 
nitrogen (N), phosphorus (P), and potassium (K) (Aylward and Chief, 2005). Products 
containing organic materials are referred to as ‘specialty turfgrass fertilization products’, due 
to their ability to promote or improve growth over that of mineral nutrition only (Ervin and 
Zhang, 2008; Schmidt et al., 2003). A common organic additive in specialty turfgrass 
fertilization products are amino acids (Schmidt, 1999; Schmidt and Zhang, 1997). Amino 
acids (AA) are simple organic compounds that contain an amino group (NH2) (Taiz and 
Zeiger, 2006), making them a possible source of plant N.  
Research has demonstrated that when foliarly applied, some organic materials can 
enter the plant through leaf tissue, and are a possible N source for plant growth (Joy and 
Antcliff, 1966; Mäkelä et al., 1996). Compared to mineral nutrition, AA-containing products 
have been reported to improve root growth (Mertz, 2015; Mertz et al., 2017), increase the 
rate of establishment (Aamlid et al., 2017) and recovery (Jones and Christians, 2011), as well 
as enable grasses to better withstand environmental stresses (Zhang et al., 2013). 
Additionally, compared to urea, which must be converted to ammonium prior to plant uptake 
through leaves, AA may be a more sustainable method of foliar N feeding (Hull et al., 2014). 
Foliarly applied AA enter the plant through openings in leaf cuticle tissue that are 
negatively charged (Stiegler et al., 2013). When the pH of an AA solution is below 9, such as 
when AA are dissolved using deionized water (Gliński et al., 2000), the N functional group 
of AA is positively charged (Lide, 1991) and this promotes movement of AA through the 
negatively charged openings of leaf cuticle tissue (Stiegler et al., 2013). Additionally, AA 
having a hydrophobic side-chain can easily enter the plant using diffusion forces (Schönherr, 
1976), resulting in plant N uptake. 
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Because of this, some AA may be more effective than others as additives in 
fertilizers. Three AA that can be plant absorbed using both ion uptake and diffusion forces 
are the branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine (V)  
(Platell et al., 2000). The BCAA could be effective additives in foliarly applied fertilization 
products because they: 1) have aliphatic, nonpolar side chains, and 2) are relatively 
hydrophobic (Harper et. al., 1984). It is hypothesized that the hydrophobicity of these AAs 
makes them more mobile through the epicuticular wax and cutin of the leaf cuticle. Once 
through the cuticle, the hydrophobicity of BCAA could promote diffusion through the cell 
membranes of leaf tissues (Schönherr, 1976). Together, these characteristics favor plant 
absorption of BCAA (Marschner, 1995; Marschner, 2011; Stiegler et al., 2013; Totten et al., 
2008). However, research on plant BCAA catabolism and the effect of exogenously applied 
BCAA on plant growth is limited. 
Research in humans has demonstrated that BCAA are capable of increasing muscle 
protein synthesis, with the degree of increase being related to the intake ratio of L to IL and 
V (Holeček, 2002; Kimball and Jefferson, 2001, 2006; Pasiakos et al., 2011). Preliminary 
research conducted on creeping bentgrass (Agrostis stolonifera L.) indicated that the benefits 
of BCAA seen in humans may also translate to plants when applied in a 3-way complete 
combination. In that study, BCAA increased creeping bentgrass shoot density by 30% and 
40% compared to urea when applied at a 2:1:1 and 4:1:1 ratio (L:IL:V) using a N application 
rate of 3.4 kg-N ha-1. Results from that study also indicated that BCAA applications had little 
to no effect on creeping bentgrass rooting, and because of this, a new study was initiated with 
an increased emphasis on evaluating the effects of BCAA applications to creeping bentgrass 
above ground growth.  
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The objective of this study was to investigate the use of BCAA for increasing the 
shoot density of creeping bentgrass. To achieve this, L, IL, and V were applied in a complete 
factorial and compared to GreenNCrease, a commercially available AA product known to 
increase creeping bentgrass shoot density (Law et al., 2013), urea, and an untreated control 
(UTC). All treatments other than UTC were applied using a N-rate of 3.4 kg-N ha-1. A total 
of 4 replications were used and the study was repeated in time. 
Materials and Methods 
Creeping Bentgrass Establishment 
Creeping bentgrass ‘007’ was established from seed (48.8-kg ha-1) at the Charles V. 
Hall Greenhouses Iowa State University (ISU) Ames, Iowa. Samples were established in 
11.4-cm diameter standard plastic pots. Each pot was filled with a calcareous sand-rootzone 
that had a pH of 8.2. The sand-rootzone particle analysis was 8.2% very coarse, 35.3% 
coarse, 44.3% medium, 11.9% fine, 0.1% very fine, and 0.2% silt and clay by volume. This 
material was chosen due to its similarities to that specified by the United States Golf 
Association (USGA) for putting green use (Beard, 2002).  
Greenhouse conditions throughout the trial consisted of average day and night 
temperatures of 23.9 and 20.1° C, respectively. Supplemental radiation was provided when 
day-time irradiance dropped below 200 µmol m-2s-1 photosynthetic photon flux (PPF). 
Samples consistently received 16 hours of light day-1 throughout the trial, as measured by 
LightScout Quantum Meter (Spectrum Technologies Inc., Aurora, IL). Relative humidity 
levels within the greenhouse ranged from 25.1 to 44.9% throughout the trial. 
Treatments and Application 
The study was repeated over two periods. Run 1 of the study was initiated on 1 
December 2014, with run 2 beginning on 30 March 2015. In each run of the study, initial N 
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treatments were applied 14 days after seeding (DAS), and continued throughout the trial on 
14-day intervals. A total of 4 applications occurred in each run. The trial was conducted for 
70-DAS to conclusion, 56 of which the creeping bentgrass samples were treated with N. 
Treatment applications for run 1 occurred on 15 December 2014, 29 December 2014, 12 
January 2015, and 26 January 2015. For run 2, treatment applications occurred on the 
following dates in 2015: 13 April, 27 April, 11 May, and 25 May. All treatments other than 
the UTC were applied at 3.4 kg-N ha-1. 
Treatments (Table 1) were applied foliarly using a hand-held sprayer, with a water 
carrier volume that was equal to 815-L ha-1. Deionized water (pH 5.8) was used to dissolve N 
treatments into solution, prior to application. Following applications, treatments were 
allowed to dry on the leaf tissue. Withholding irrigation until after treatments had dried was 
done to promote maximum plant absorption of the materials. Fertility treatments that were 
evaluated included: an untreated control (UTC), urea, leucine (L), isoleucine (IL), valine (V), 
L + IL, L + V, IL + V, L:IL:V (2:1:1), L:IL:V (4:1:1), and GreenNCrease.  
The BCAA (Hard Eight Nutrition LLC., Henderson, NV) used in this study were 
rated as food-grade quality, and N content by weight was as follows: L-leucine and L-
isoleucine 10.7%, and L-valine 12%. GreenNCrease (Ajinomoto North America Inc., 
Eddyville, IA), which was previously reported to increase the shoot density of a creeping 
bentgrass fairway by Law et al. (2013), is a combination of AA, sugars, organic acids, 
polysaccharides, betaine, and ammonium sulfate. 
Maintenance of Greenhouse Pots 
During creeping bentgrass establishment, pots were kept moist in a greenhouse using 
an automatic misting bench. Following germination, which was 10-DAS pots were   
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transferred from the automatic misting bench to hand-watering. Pots received 2.54-cm of 
irrigation week-1 throughout the duration of the trial.  
Turfgrass plants were initially cut when the pots had reached a 3.38-cm height on 
average, and then maintained at a 2.54-cm height of cut (HOC) by utilizing a hand shears 
weekly. Clippings were removed to avoid influencing digital image analysis (DIA) 
measurements. 
Data Collection 
Digital images were captured using a Nikon CoolPix S8200 digital camera (Nikon 
Inc., Melville, NY). Images were taken using a specialty light-box (Ikemura, 2003) at a 
weekly interval throughout each run of the trial. Initial images were captured 21-DAS for 
each run. Following the capturing of digital images for a given week, images were processed 
using the DIA software ImageJ (Soldat et al., 2012). ImageJ identifies the number of pixels 
in an image that contain a green color that is within a range determined by the primary 
investigator (Ferreira and Rasband, 2012). Pictures were analyzed using the following ranges 
within ImageJ: hue 40-110, saturation 74-255, and brightness 117-255 (Mertz and Christians, 
2016). 
The measurement feature within ImageJ was used to calculate total-pixels cm-1 and 
using the percentage of green-cover pixels image-1, DIA data were converted to green-cover 
cm-2. This calculated value was then divided by the overhead surface-area present in each 
plastic pot to quantify pot percentage cover of each individual creeping bentgrass sample, 
similar to methods used by Baker et al. (1996). 
In addition to the DIA measurements, plant biomass was determined at the study’s 
conclusion. Plant biomass measurements included root weight determined through the loss 
on ignition method (Sluiter et al., 2008; Storer, 1984), as well as above-ground oven-dry 
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shoot weight (Scientific Engineering Response Analytical Services, 1994). The number of 
shoots present in each sample were also physically counted at the end of the study using 
modified methods described by Law et al. (2013).  
Experimental Design and Statistical Analyses 
The study was conducted as a completely randomized design with 4 replications and 
repeated in time. Data were analyzed using the GLM procedure (SAS version 9.3; SAS 
Institute, 2011. Fisher’s protected LSD was used for mean separation and performed at a 
significance level of 0.05. Due to a non-significant interaction between treatment and runs, 
the results have been combined across runs and are presented as a single dataset.  
Results 
Shoot Density 
Creeping bentgrass receiving applications of BCAA 2:1:1, 4:1:1 (L:IL:V), and 
GreenNCrease increased creeping bentgrass shoot density by  21%, 30%, and 27%, 
respectively, compared to urea N (Table 2). All BCAA treatments, other than IL, V, and IL + 
V, resulted in creeping bentgrass shoot density measurements that were greater than the 
UTC, and statistically comparable to urea N. The BCAA treatments of IL, V, or IL + V 
resulted in creeping bentgrass shoot density that was greater than the UTC, but less than urea 
N.  
Digital Image Analysis (DIA) 
Differences in pot percent cover were observed on 4 out of 8 measurement dates, and 
occurred at 28, 35, 42, and 49-DAS (Table 3). At 28-DAS, the BCAA treatments of L, IL, V, 
IL + V, and 2:1:1 (L:IL:V) resulted in a lower pot percent cover compared to urea N. At 35-
DAS, pot percent cover measurements were less than urea for the BCAA treatments of IL, 
and IL + V. From 35-DAS through the end of the study, there were no differences between 
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urea N, GreenNCrease, and BCAA, regardless of combination. On average over all 
measurement dates, the BCAA treatments of L + V, 2:1:1, 4:1:1, and GreenNCrease were the 
only treatments to have a mean pot percent cover greater than the UTC but were still equal to 
urea N (Table 3).  
Plant Biomass 
Compared to the UTC, GreenNCrease was the only treatment to increase creeping 
bentgrass root weight at study’s end (70-DAS) (Table 2). While all BCAA treatments 
resulted in statistically comparable root weights compared to the UTC, BCAA applied as V 
or 4:1:1 increased root weight compared to urea N and were statistically comparable to 
GreenNCrease.  
The BCAA treatments of V, and also GreenNCrease, were the only treatments to 
increase creeping bentgrass above-ground shoot weight at study’s end (70-DAS) compared to 
urea N and the UTC (Table 2). There were no differences among the other BCAA treatments, 
urea, or the UTC for shoot weight.  
Conclusions 
Creeping bentgrass receiving applications of BCAA 2:1:1, 4:1:1 (L:IL:V), and 
GreenNCrease resulted in a 21%, 30%, and 26% increase in shoot density, respectively, 
compared to urea N. These results coincide with our earlier findings and confirm the use of 
BCAA for increasing creeping bentgrass shoot density when applied in a 3-way combination. 
Compared to the commercially available AA product GreenNCrease, increases in shoot 
density seen with the complete 3-way BCAA combinations were statistically comparable.  
The BCAA treatments resulted in similar root and shoot weights compared to urea, 
regardless of combination. However, compared to GreenNCrease, BCAA did result in lower 
root and shoot weights for some combinations. At the end of the study, only V and the 4:1:1 
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BCAA treatments resulted in equal root and shoot weights compared to GreenNCrease. It 
appears that BCAA are having little to no effect on the degree of above- and below-ground 
plant biomass being produced compared to GreenNCrease. 
The BCAA treatments of 2:1:1 and 4:1:1 increasing creeping bentgrass shoot density, 
without increasing the accumulated above-ground biomass, indicates that there may be some 
type of plant growth regulating (PGR) response. Previously, AA applications have been 
reported to affect endogenous plant hormone levels (Aamlid et al., 2017; Carbonera et al., 
1989; Jones and Christians, 2011; Merewitz et al., 2012; Zhang et al., 2013), and this 
demonstrates how AA applications can result in PGR activity. It appears that this PGR effect 
only occurs when BCAA are applied in a 3-way combination, and is not N related, since 
applied N was equal across all treatments other than the UTC.  
Based on these results, further testing of single AA and 2-way BCAA combinations is 
unnecessary since increases to shoot density occur only when BCAA are applied as a 
complete 3-way combination. However, more research should be conducted on 3-way BCAA 
applications in order to identify the optimal application ratio, and ultimately provide the best 
increases to creeping bentgrass shoot density when BCAA are applied.  
While the 4:1:1 BCAA ratio showed the greatest increases in creeping bentgrass 
shoot density, future research will be conducted to determine whether those increases could 
possibly be further improved. It is hypothesized that this could be done by incorporating 
more L into the combination, and extending the tested ratios beyond 4:1:1. This would 
complement existing research over BCAA effects on humans, where it was observed that 
ratios beyond 4:1:1 continued to promote muscle protein synthesis (Dreyer et al., 2008; 
Glynn et al., 2010; Pasiakos et al., 2011; Tipton et al., 1999).  
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Table 1. Description of nitrogen (N) fertility treatments˧ used on creeping bentgrass 




Product Rate Nitrogen Rate 
 % kg ha-1 kg N  ha-1 
Untreated Control 0 0 0 
Urea 46 7.4 3.4 
Leucine (L)₱ 10.7 31.8 3.4 
Isoleucine (IL)₱ 10.7 31.8 3.4 
Valine (V)₱ 12 28.3 3.4 
L:IL 10.7 31.8 3.4 
L:V 11.1 30.1 3.4 
IL:V 11.1 30.1 3.4 
L:IL:V (2:1:1)  11.0 30.9 3.4 
L:IL:V (4:1:1)  10.9 31.2 3.4 
GreenNCrease‡ 6 44.5-L 3.4 
˧ Treatment applications for run-1 were applied chronologically on the following dates: 15 December 2014, 29 December 2014, 12 January 
2015, and 26 January 2015. In run-2, treatments were applied chronologically on the following dates in 2015: 13 April, 27 April, 11 May, 
and 25 May. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
























Table 2. Effects of nitrogen (N) fertility treatment˧ on creeping bentgrass (Agrostis 
stolonifera L.) root weight±, shoot weight£, and shoot density¶ in Ames, IA, in 
2014 and 2015. 
Treatment Root Weight Shoot Weight  Shoot Density 
 g-1 11.4-cm Pot g-1 11.4-cm Pot Shoots-1 2.85-cm-2 
Untreated Control 0.04 0.05 26.9 
Urea 0.01 0.06 37.9 
Leucine (L)₱ 0.03 0.10 35.0 
Isoleucine (IL)₱ 0.03 0.10 28.0 
Valine (V)₱ 0.08 0.13 33.0 
L+IL 0.03 0.06 37.5 
L+V 0.02 0.07 38.8 
IL+V 0.01 0.08 30.0 
L:IL:V (2:1:1) 0.01 0.08 46.0 
L:IL:V (4:1:1) 0.07 0.11 49.3 
GreenNCrease 0.09 0.17 48.0 
LSD(0.05): 0.04 0.06 3.8 
˧ Treatment applications for run-1 were applied chronologically on the following dates: 15 December 2014, 29 December 2014, 12 January 
2015, and 26 January 2015. In run-2, treatments were applied chronologically on the following dates in 2015: 13 April, 27 April, 11 May, 
and 25 May. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 
± Root weight as determined by loss on ignition method. 
£ Oven-dry weight of above-ground leaf tissues measured in grams. 

























































 ---------------------------------------------------------------- %-1 11.4-cm Pot ---------------------------------------------------------------- 
Untreated Control 9.9 1.8 0.3 1.2 2.6 4.7 11.3 12.4 5.3 
Urea 6.9 7.7 7.8 8.5 11.9 10.7 12.2 13.2 9.6 
Leucine (L)₱ 8.0 3.0 3.0 7.1 10.0 11.4 14.9 12.2 8.5 
Isoleucine (IL)₱ 9.2 1.7 0.6 2.9 6.1 9.9 14.4 16.1 7.2 
Valine (V)₱ 8.5 3.4 3.9 7.2 9.0 12.5 16.1 17.6 9.2 
L+IL 8.3 5.4 5.5 6.6 10.9 12.1 15.8 13.6 9.6 
L+V 8.1 3.9 3.5 9.8 16.1 11.4 13.8 15.6 9.9 
IL+V 8.4 1.6 1.3 4.8 10.1 14.1 12.8 14.4 8.4 
L:IL:V (2:1:1) 8.0 2.7 3.1 7.4 11.5 14.0 17.6 17.3 10.1 
L:IL:V (4:1:1) 8.0 6.6 7.5 12.1 19.5 18.4 18.5 20.9 13.2 
GreenNCrease 8.7 7.2 7.5 11.3 15.9 17.1 18.4 19.0 12.6 
LSD(0.05): NS‡ 3.8 5.4 6.0 8.1 NS NS NS 4.5 
‡ NS, nonsignificant at the α = 0.05 level. 
˧ Treatment applications for run-1 were applied chronologically on the following dates: 15 December 2014, 29 December 2014, 12 January 2015, and 26 January 2015.                                                                              
In run-2, treatments were applied chronologically on the following dates in 2015: 13 April, 27 April, 11 May, and 25 May. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 
€ Pot percentage cover quantified with DIA software. 




CHAPTER 5.    IDENTIFYING AN OPTIMAL APPLICATION RATIO OF THE 
BRANCHED-CHAIN AMINO ACIDS FOR PROMOTING 
SHOOT DENSITY INCREASES IN CREEPING BENTGRASS 
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Abstract 
The branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine (V) 
are synthesized in plants, and are essential to growth of most organisms. Research has 
demonstrated that when foliarly applied, these compounds can be absorbed by the plant, 
however, plant catabolism of BCAA is not completely understood. In earlier work, BCAA 
applications increased the shoot density of creeping bentgrass (Agrostis stolonifera L.) when 
applied at a 2:1:1 and 4:1:1 ratio (L:IL:V). Based on that work, it was hypothesized that 
shoot density could be further improved using a ratio greater than 4:1:1.  
The objective of this study was to identify an optimal application ratio of BCAA for 
increasing shoot density of creeping bentgrass. Treatments included four ratios of BCAA 
(L:IL:V), urea, GreenNCrease, and an untreated control. Creeping bentgrass samples were 
established from seed in sand-filled pots under controlled environment conditions. All 
treatments, other than UTC, were applied on a 14-day interval, at an equal nitrogen rate of 
3.4 kg nitrogen (N) ha-1. Measurements included shoot density, root weight, shoot weight, 
and percent cover. After 8-weeks, BCAA 2:1:1 and 4:1:1 increased shoot density 36% and 
41%, and percent green cover 50% and 53%, respectively, compared to urea. According to 
the results, BCAA 4:1:1 will provide the greatest increases in creeping bentgrass shoot 




The use of specialty turfgrass fertilization products has increased steadily over recent 
years (Aylward and Chief, 2005). Specialty turfgrass fertilization products refer to those that 
have added organic materials, and are intended to promote or improve growth over that of 
mineral nutrition only (Ervin and Zhang, 2008). Oftentimes these additives tend to be organic 
materials, such as amino acids (Schmidt, 1999; Schmidt and Zhang, 1997).  
Amino acids (AA) are simple organic compounds that contain an amino group (NH2) 
(Taiz and Zeiger, 2006). Research has demonstrated that some of these organic compounds 
can enter the plant through leaf tissue, making them a source of nitrogen (N) for plant growth 
(Joy and Antcliff, 1966; Mäkelä et al., 1996). Compared to mineral nutrition, AA-containing 
products have been reported to improve root growth (Mertz, 2015; Mertz et al., 2017), 
increase the rate of establishment (Aamlid et al., 2017) and recovery (Jones and Christians, 
2011), as well as enable grasses to better withstand environmental stresses (Zhang et al., 
2013). Additionally, compared to urea, which must be converted to ammonium prior to plant 
uptake through leaves, AA may be a more sustainable method of foliar N feeding (Hull et al., 
2014). 
Foliarly applied AA enter the plant through openings in leaf cuticle tissue that are 
negatively charged (Stiegler et al., 2013). When the pH of an AA solution is below 9, such as 
when AA are dissolved using deionized water (Gliński et al., 2000), the N functional group 
of AA is positively charged (Lide, 1991) and this promotes movement of AA through the 
negatively charged openings of leaf cuticle tissue (Stiegler et al., 2013). Additionally, AA 
that have a hydrophobic side-chain can also result in plant N uptake through leaf tissue using 
diffusion forces (Schönherr, 1976). Because of this, some AA may be more effective than 
others as additives in fertilizers. Three AA that can be plant absorbed using both ion uptake 
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and diffusion forces are the branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), 
and valine (V) (Platell et al., 2000).  
The BCAA could be effective additives in foliarly applied fertilization products 
because they: 1) have aliphatic, nonpolar side chains, and 2) are relatively hydrophobic 
(Harper et. al., 1984). It is hypothesized that the hydrophobicity of these AAs makes them 
more mobile through the epicuticular wax and cutin of the leaf cuticle. Once through the 
cuticle, the hydrophobicity of BCAA could promote diffusion through the cell membranes of 
leaf tissues (Schönherr, 1976). Together, these characteristics favor plant absorption of 
BCAA (Marschner, 1995; Marschner, 2011; Stiegler et al., 2013; Totten et al., 2008). 
 However, research on plant BCAA catabolism and the effect of exogenously applied BCAA 
on plant growth is limited. 
Research on plant BCAA catabolism, and the effect of exogenously applied BCAA 
on plant growth is limited. However, research in humans has been studied, with a large 
emphasis of that research being placed on their effect on protein synthesis (Blomstrand et al., 
2006; Kimball and Jefferson, 2001, 2006). The BCAA have been demonstrated to increase 
the rate muscle protein synthesis of humans (Holeček, 2002; Kerksick et al., 2006; Pasiakos 
et al., 2011), and that increase was related to the intake ratio of L to IL and V (Stoppani, 
2014).  
Because they can lead to an increase of muscle protein synthesis, BCAA products 
have increased on the shelves of body building and nutrition stores (Singh, 2017). However, 
there is not a clear consensus on the optimal intake ratio, and these products often contain 
varying amounts of L to IL and V. While some support the 2:1:1 ratio that is found to 
naturally occur in muscle tissue (Holeček, 2002; Kimball and Jefferson, 2001, 2006), there 
54 
 
are still others who have reported promising results using ratios greater than 4:1:1 (Pasiakos 
et al., 2011). Because of this, BCAA products on the shelves of supplement stores may 
contain a ratio anywhere from 2:1:1 to 12:1:1 (L:IL:V) (Stoppani, 2018).  
Creeping bentgrass (Agrostis stolonifera L.), is an economically important cool-
season turfgrass species that is commonly used on golf course putting greens (Christians et 
al., 2016). Law et al. (2013) observed increased creeping bentgrass shoot density following 
foliar applications with the AA-containing product GreenNCrease, which is a combination of 
AA, sugars, organic acids, polysaccharides, betaine, and ammonium sulfate. Being able to 
increase creeping bentgrass shoot density through chemical application could aid in 
providing more uniform putting surfaces and be a valuable tool.  
Similar to GreenNCrease, results from two initial studies using BCAA on creeping 
bentgrass indicate that a complete 3-way combination (L:IL:V), can also increase shoot 
density. In those studies, creeping bentgrass shoot density was increased by 30% and 36% 
when BCAA were applied as a 2:1:1 and 4:1:1 ratio, respectively, compared to equivalent 
urea applications on average (3.4 kg-N ha-1). While those studies discovered that BCAA 
applications can increase creeping bentgrass shoot density compared to urea, an optimal 
application ratio for increasing creeping bentgrass shoot density was not identified.  
The objective of this study was to identify an optimal application ratio of BCAA for 
increasing shoot density in creeping bentgrass. To achieve this, the BCAA application ratios 
of 2:1:1, 4:1:1, 8:1:1, and 12:1:1 were compared to an equal amount of N from urea, and 
GreenNCrease for their effects on creeping bentgrass root-weight, shoot-weight, cover (%) 
and shoot density. 
55 
 
Materials and Methods 
Creeping Bentgrass Establishment 
Creeping bentgrass ‘007’ was established from seed (48.8 kg ha-1) in the fall of 2015 
at the Charles V. Hall Greenhouses Iowa State University (ISU) Ames, Iowa. Samples were 
established in 11.4-cm diameter standard plastic pots. Each pot was filled with a calcareous 
sand rootzone mixture to a depth of 7-cm. The sand rootzone had a pH of 8.2, and particle 
analysis was 8.2% very coarse, 35.3% coarse, 44.3% medium, 11.9% fine, 0.1% very fine, 
and 0.2% silt + clay by volume.  
During bentgrass establishment, samples were kept moist in a greenhouse using an 
automatic misting bench. Following germination, samples were transferred from the 
automatic misting bench to manual hand watering. Pots received 2.54-cm of irrigation week-1 
throughout the duration of the trial.  
Greenhouse conditions throughout the trial consisted of average day and night 
temperatures of 23.9 and 20.2° C, respectively. Supplemental radiation was provided when 
day-time irradiance dropped below 200 µmol m-2s-1 photosynthetic photon flux (PPF). 
Samples consistently received 16 hours of light day-1 throughout the trial, as measured with a 
LightScout Quantum Meter (Spectrum Technologies Inc., Aurora, IL). Relative humidity 
levels within the greenhouse ranged from 26.1 to 45.3% throughout the trial. 
Treatments and Application 
The study was repeated over two periods. Run 1 of the study was initiated on 20 July 
2015, with run 2 beginning on 5 October 2015. In each run of the study, initial N treatments 
were applied 14 days after seeding (DAS) and continued throughout each run of the study on 
14-day intervals. In both runs of the study, a total of 4 treatment applications were made. For 
run 1, treatment applications occurred on 3 August, 17 August, 31 August, and 14 
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September. In run 2, treatment applications occurred on 19 October, 2 November, 16 
November, and 30 November. All treatments, other than the untreated control (UTC) were 
applied at 3.4-kg N ha-1 application-1 and replicated a total of 4 times.  
Treatments (Table 1) were applied foliarly using a hand-held sprayer, with a carrier 
volume that was equal to 815-L ha-1. Deionized water (pH 5.8) was used to dissolve N 
treatments into solution, prior to application. Following application, treatments were allowed 
to dry on the leaf tissue, before being watered in. Withholding irrigation until after treatments 
had dried was done to promote maximum plant absorption of the materials.  
Experimental treatments consisted of: (i) UTC, (ii) urea, (iii) GreenNCrease,              
(iv) L+IL+V (2:1:1), (v) L+IL+V (4:1:1), (vi) L+IL+V (8:1:1), and (vii) L+IL+V (12:1:1). 
The BCAA used in this study were rated as food-grade quality and purchased from 
BulkSupplements.com (Hard Eight Nutrition LLC., Henderson, NV). Nitrogen content by 
weight for BCAA was as follows: L-leucine and L-isoleucine 10.7% N, and L-valine 12% N. 
GreenNCrease, a commercially available amino acid complex is a product of Ajinomoto 
North America Inc. (Eddyville, Iowa). On a percentage weight basis, GreenNCrease is 6.0% 
N, with each L of product weighing 6.83-kg.  
Maintenance of creeping bentgrass pots throughout each run of the study included 
cutting to maintain a 2.54-cm height of cut (HOC). To achieve this, pots were initially cut 
when they had reached a 3.38-cm height on average. At the conclusion of the study in each 
run (70 DAS), physical plant measurements determined included root weight, above-ground 
shoot weight, and creeping bentgrass shoot density. 
Data Collection 
Digital images were captured using a Nikon CoolPix S8200 digital camera (Nikon 
Inc., Melville, NY). Images were taken using a specialty light-box (Ikemura, 2003) at a 
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weekly interval throughout each run of the trial. Following the capturing of digital images for 
a given week, images were processed using the digital image analysis (DIA) software ImageJ 
(Soldat et al., 2012). ImageJ identifies the number of pixels in an image that contain a green 
color and falls within a range defined by the primary investigator (Ferreira and Rasband, 
2012). Pictures were analyzed using the following ranges within ImageJ: hue 40-110, 
saturation 74-255, and brightness 117-255 (Mertz and Christians, 2016). 
The measurement feature within ImageJ was used to calculate total-pixels cm-1 and 
using the percentage of green-cover pixels image-1, DIA data were converted to green-cover 
cm-2. This calculated value was then divided by the overhead surface-area present in each 
plastic pot to quantify pot percentage cover, similar to the methods used by Baker et al. 
(1996).                                                                                                                                                     
Plant biomass measurements included root weight, as well as above-ground shoot 
weight at the end of the study in both runs. Above-ground shoot weights were quantified by 
first separating above-ground plant parts from below-ground rooting systems using scissors. 
Following the removal of above-ground plant parts, samples were placed in a drying oven at 
80°C (24-hrs) and weighed individually using a balance (Scientific Engineering Response 
Analytical Services, 1994). Root weights were quantified by first being placed in a drying 
oven at 80°C (24-hrs) and then using the loss on ignition method (Sluiter et al., 2008). The 
number of shoots present in each sample were also physically counted at the end of the study 
using modified methods described by Law et al. (2013).  
Experimental Design and Statistical Analyses 
The study was conducted as a completely randomized design with four replications 
and repeated in time. Data were analyzed using the GLM procedure (SAS version 9.3; SAS 
Institute, 2011). Fisher’s protected LSD was used to test for mean separations and performed 
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at a significance level of 0.05. Since there was not a significant interaction between treatment 
and runs, data from each run were combined and are expressed as a single dataset. 
Results 
Shoot Density 
Compared to the UTC, all treatments containing N increased creeping bentgrass shoot 
density. When BCAA were applied using a 2:1:1 and 4:1:1 ratio, creeping bentgrass shoot 
density increased by 36.1% and 41.3%, respectively, compared to equal urea N (Table 2). All 
other ratio of BCAA, as well as GreenNCrease resulted in a statistically comparable shoot 
density to urea. According to the results, BCAA 2:1:1 or 4:1:1 can result in a higher creeping 
bentgrass shoot density compared to urea, however, the 4:1:1 ratio will produce the greatest 
increase compared to urea.  
Plant Biomass 
At the end of the study (70-DAS), there were no differences in root weight between 
urea, GreenNCrease or BCAA treatments, regardless of BCAA ratio (Table 2). Additionally, 
there were no differences between the UTC and treatments containing N. There were also no 
differences between treatments in above-ground shoot weight measurements at the end of the 
trial (Table 2). Based on these results, it appears that BCAA applications had no effect on the 
weight of creeping bentgrass above- and below-ground biomass being produced. 
Digital Image Analysis (DIA) 
Treatment differences were observed in percent pot cover on 49, 56, 63, and 70-DAS. 
On average across all dates, BCAA 2:1:1, 4:1:1, and 12:1:1 increased pot percent cover by 
50%, 53%, and 50.8%, respectively, compared to urea (Table 3). Compared to 
GreenNCrease, BCAA treatments resulted in an equal mean percent pot cover, and there 
were no differences. At the end of the study (70-DAS), BCAA 4:1:1 had the highest percent 
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pot cover of any treatment (24.6%) and resulted in a 70.8% increase compared to urea. When 
using BCAA as a N source for creeping bentgrass, an application ratio of 4:1:1 can result in 
an increased rate of cover compared to urea N. 
Conclusions 
The BCAA treatments resulted in equivalent root and shoot weights compared to the 
other treatments and the UTC.  While the 3.4-kg N ha-1 application rate was insufficient to 
produce more root or shoot biomass, it was sufficient to increase both shoot density and 
percent cover for BCAA ratios of 2:1:1 and 4:1:1.  These two ratios increased shoot density 
36% and 41%, and percent cover 50% and 53%, respectively, compared to urea N.  This is 
apparently some type of plant growth regulating (PGR) effect above that provided by N 
alone. These results are consistent with other findings, where an AA-containing product was 
reported to increase the establishment rate of a creeping bentgrass putting green (Aamlid et 
al., 2017). Amino acid applications affecting endogenous plant hormone levels has been 
reported (Bhowmik et al., 2007; Carbonera et al., 1989; Vidmar et al., 2000; Zhang et al., 
2013), and this demonstrates how AA applications can result in PGR activity.  
In this study, there were no differences in shoot density between GreenNCrease and 
urea. This is surprising, as GreenNCrease was previously reported to increase the shoot 
density of a creeping bentgrass fairway at this same rate of N application (Law et al., 2013). 
It appears that the optimal application ratio for increasing shoot density in creeping bentgrass 
is the 4:1:1 ratio, however, the lack of response to BCAA ratios above 4:1:1 may have been 
due to mixing and uniformity issues.   
These issues were likely a result of trying to incorporate a greater amount of L, and 
less IL and V into solution at the higher ratios. Because the AA L is slightly more 
hydrophobic than IL and V (Wolfenden et al., 1981), mixing issues occurred with the higher 
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application ratios. Issues with the hydrophobic materials in the higher application ratios 
could possibly be alleviated through the incorporation of an organic solvent into the solution. 
As a result, more material may make it to the plant surface, and be absorbed. In the future, 
testing of the higher BCAA ratios with the inclusion of an organic solvent will be 
investigated. 
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Table 1. Description of nitrogen (N) treatments˧ and the rate(s) used on creeping 








 % kg ha-1 Kg N ha-1 
Untreated Control 0 0 0 
Urea 46 7.4 3.4 
GreenNCrease‡ 6 44.5-L 3.4 
L:IL:V (2:1:1)₱ 11.0£ 30.9 3.4 
L:IL:V (4:1:1) ₱ 10.9£ 31.2 3.4 
L:IL:V (8:1:1) ₱ 10.8£ 31.5 3.4 
L:IL:V (12:1:1)₱ 10.7£ 31.8 3.4 
˧ Treatment applications for run-1 were applied chronologically on the following dates in 2015: 3 August, 17 August, 31 August, and 14 
September. In run-2, treatments were applied chronologically on the following dates in 2015: 19 October, 2 November, 16 November, 
and 30 November. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
betaine, and ammonium sulfate. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 









































Table 2. Effects of nitrogen (N) fertility treatment˧ on creeping bentgrass root weight, 





















˧ Treatment applications for run-1 were applied chronologically on the following dates in 2015: 3 August, 17 August, 31 August, and 14 
September. In run-2, treatments were applied chronologically on the following dates in 2015: 19 October, 2 November, 16 November, 
and 30 November. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
betaine, and ammonium sulfate. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 
¶ Number of creeping bentgrass shoots visually counted in a 0.54-cm diameter sample core, averaged for 3 samples. 
± Root weight as determined by loss on ignition method. 
£ Oven-dry weight of above-ground leaf tissues measured in grams. 




± Shoot Weight£ 
 Shoots
-1      
2.85-cm-2 
g1 11.4-cm Pot g1 11.4-cm Pot 
Untreated Control 30.5 0.14 0.17 
Urea 36.0 0.19 0.23 
GreenNCrease‡ 52.3 0.21 0.26 
L:IL:V (2:1:1)₱ 56.3 0.27 0.29 
L:IL:V (4:1:1) ₱ 61.3 0.30 0.31 
L:IL:V (8:1:1) ₱ 48.5 0.24 0.30 
L:IL:V (12:1:1)₱ 52.8 0.33 0.31 
LSD(0.05) 17.3 NS‡ NS 











































 ---------------------------------------------------------------- %-1 11.4-cm Pot ---------------------------------------------------------------- 
Untreated Control 7.2 12.7 11.9 14.6 12.1 9.6 5.9 11.8 10.4 
Urea 11.2 15.7 15.5 17.2 12.4 11.1 11.0 14.4 13.2 
GreenNCrease‡ 11.6 18.4 17.2 21.8 15.5 10.8 11.3 18.8 15.0 
L:IL:V (2:1:1)₱ 16.8 22.8 20.5 24.6 23.7 16.3 16.2 21.9 19.8 
L:IL:V (4:1:1) ₱ 16.5 20.9 23.4 25.8 23.5 15.2 17.9 24.6 20.2 
L:IL:V (8:1:1) ₱ 14.7 21.7 13.8 21.7 24.0 18.0 19.9 20.8 18.4 
L:IL:V (12:1:1)₱ 14.7 20.9 17.7 25.1 25.4 21.9 18.4 24.3 19.9 
LSD(0.05): NS‡ NS NS NS 6.7 6.8 6.3 7.6 5.4 
˧ Treatment applications for run-1 were applied chronologically on the following dates in 2015: 3 August, 17 August, 31 August, and 14 September.                                                                                                                                                                     
In run-2, treatments were applied chronologically on the following dates in 2015: 19 October, 2 November, 16 November, and 30 November. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, betaine, and ammonium sulfate. 
₱ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). 
€ Pot percentage cover quantified with the digital image analysis (DIA) software ImageJ. 
α Days after seeding (DAS). 
‡ NS, nonsignificant at the α = 0.05 level. 
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CHAPTER 6.    EVALUATING THE USE OF THE BRANCHED-CHAIN AMINO 
ACIDS IN COMBINATION WITH UREA ON CREEPING 
BENTGRASS 
Modified from a paper to be submitted to Crop Science  
Isaac Mertz, Nick Christians, and Adam Thoms 
 
Abstract 
The branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine (V) 
are synthesized in plants and essential to growth in most organisms. Research has 
demonstrated that when foliarly applied, these compounds can be absorbed by the plant, 
however, plant catabolism of BCAA is not completely understood. A ratio of 4:1:1 (L:IL:V) 
applied at 3.4 kg-nitrogen (N) ha-1 was identified as the optimal application ratio for 
increasing creeping bentgrass (Agrostis stolonifera L.) shoot density, however, material 
incompatibility issues occurred when BCAA were applied at 8:1:1 and 12:1:1 in previous 
work.  
The objective of this study was to determine if shoot density could be further 
improved, and material incompatibility alleviated by using lower BCAA ratio application 
rates in combination with urea to equalize N.  Creeping bentgrass samples grown in sand-
filled pots were subjected to N application (3.4 kg-N ha-1 application-1) using urea, 
GreenNCrease, BCAA 4:1:1, 8:1:1 and 12:1:1. The BCAA were also applied as 4:1:1+N, 
8:1:1+N, and 12:1:1+N, which consisted of BCAA ratio half-rates (1.7 kg-N ha-1) and urea-N 
(1.7 kg-N ha-1).  At the end of the study, material incompatibility previously observed with 
the 8:1:1 and 12:1:1 ratios was alleviated through use of the BCAA ratio half-rates, however, 
4:1:1 and 4:1:1+N led to a greater response. After 10-weeks, BCAA 4:1:1 and 4:1:1+N, 
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increased shoot density by 54% and 49%, respectively, compared to equal urea N. According 
to these results, using BCAA 4:1:1, either as a standalone N application or tank mixed with 
urea as a portion of the total applied N, will lead to best increases in creeping bentgrass shoot 
density compared to equal urea N.  
Introduction 
The branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine (V) 
are synthesized in plants, and are essential to growth in most organisms. Research has 
demonstrated that when foliarly applied these molecules can be absorbed by the plant, 
however, plant catabolism of BCAA has not been studied in great detail. In humans, BCAA 
have been reported to increase muscle protein synthesis (Blomstrand et al., 2006; Kerksick et 
al., 2006; Kimball and Jefferson, 2001, 2006; Pasiakos et al., 2011), and that increase is 
related to the intake ratio of L to IL and V (Kimball and Jefferson, 2001, 2006; Pasiakos et 
al., 2011).  
Because they can lead to an increase of muscle protein synthesis, BCAA products 
have increased on the shelves of body building and nutrition stores (Singh, 2017). However, 
there is not a clear consensus on the optimal intake ratio, and these products often contain 
varying amounts of L to IL and V. While some support the 2:1:1 ratio that is found to 
naturally occur in muscle tissue (Kimball and Jefferson, 2001, 2006), there are still others 
who have reported promising results using ratios greater than 4:1:1 ratio (Pasiakos et al., 
2011). Additionally, a minimal dose required for increased protein synthesis has not been 
identified.  
As a result, BCAA products on the shelves of stores may contain a ratio anywhere 
from 2:1:1 to 12:1:1 (L:IL:V) (Stoppani, 2018), and the suggested dose among these products 
tends to vary  (Layman, 2004). One thing there is a clear consensus on, is that all 3 BCAA 
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must be present in some amount, for additional benefits to occur, and if only two or a single 
BCAA are present, no such benefits have been reported to occur (Blomstrand et al., 2006; 
Kimball and Jefferson, 2001, 2006; Pasiakos et al., 2011). 
Preliminary studies on creeping bentgrass (Agrostis stolonifera L.) indicated that 
similar to humans, additional benefits can occur when BCAA are applied to plants in a 3-way 
combination (L:IL:V). Results from those studies indicated that when BCAA are applied as a 
standalone nitrogen (N) source in a 2:1:1 or 4:1:1 ratio (3.4 kg-N ha-1), shoot density of 
creeping bentgrass can be increased by 20-30% and 30-40%, respectively, compared to equal 
urea N. Those responses were also equal to GreenNCrease, a commercially available AA 
product known to increase creeping bentgrass shoot density (Law et al., 2013).  
In an attempt to identify an optimal BCAA ratio (L:IL:V) for increasing creeping 
bentgrass shoot density, it was investigated if shoot density could be further increased using a 
ratio greater than 4:1:1. During that study, it was discovered that when BCAA were acting as 
a standalone N source (3.4 kg-N ha-1), incorporating additional L into solution beyond a 4:1:1 
level led to mixing difficulties. This was likely being caused by L having a greater 
hydrophobicity than IL and V (Wolfenden et al., 1981), and material incompatibility became 
more of a problem when trying to incorporate additional L into solution. In that study, 
creeping bentgrass shoot density did not increase as the BCAA application ratio exceeded 
4:1:1. 
A possible solution to this, could be to apply BCAA in combination with an 
additional N source (1.7 kg-N ha-1). This would allow BCAA to be applied using a lower 
BCAA application rate (1.7 kg-N ha-1) while still being applied at an equal N rate (3.4 kg-N 
ha-1) and specific ratio (L:IL:V). However, this would require less of the BCAA material to 
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be dissolved in solution. As previously mentioned, the minimal BCAA dose required for 
additional benefits to occur over mineral nutrition has not been identified (Layman, 2004), in 
humans or plants, and increases to creeping bentgrass shoot density may be possible using a 
BCAA ratio half-rate in combinations with supplemental urea. To test this, urea was chosen 
to serve as the supplemental N source, due to it already being present as an N source in the 
study. 
A benefit of using supplemental urea in BCAA ratios is that it can act as an organic 
solvent in this situation through the disruption of hydrophobic interactions of the BCAA 
proteins (Bennion and Daggett, 2003; Finer et al., 1972; Hua et al., 2008; Watlaufer et al., 
1964), while also disrupting the hydrogen bonds of water (Baranov et al., 2011; Barone et al., 
1970; Frank and Franks, 1968; Hammes and Schimmel, 1967), allowing BCAA and water to 
come together as a solution more easily. Combining BCAA applications with urea also 
allows us to determine if BCAA would have to be added to an existing fertilizer program as a 
standalone N source, or if they could be tank mixed with normal urea N applications as a 
portion of the total applied N. 
The objective of this study was to determine if shoot density could be further 
increased, and material incompatibility alleviated by using lower BCAA ratio application 
rates in combination with urea to equalize N. To investigate this, BCAA were applied at 3.4 
kg-N ha-1 application-1 using application ratios of 4:1:1, 8:1:1, and 12:1:1. The BCAA were 
also applied at 4:1:1, 8:1:1, and 12:1:1 using a BCAA half-rate (1.7 kg-N ha-1) in 
combination with urea (1.7 kg-N ha-1). These applications were compared to an equal amount 
of N from standalone urea, and GreenNCrease. The variables measured were root weight, 
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shoot weight, green-cover (%), and creeping bentgrass shoot density. A total of 4 replications 
were used and the study was repeated twice. 
Materials and Methods 
Creeping Bentgrass Establishment 
Creeping bentgrass ‘007’ was established from seed (48.8 kg ha-1) in 2016 at the 
Charles V. Hall Greenhouses Iowa State University (ISU) Ames, Iowa. Samples were 
established in 11.4-cm diameter standard plastic pots. Each pot was filled with a calcareous 
sand rootzone mixture to a depth of 7-cm. The sand rootzone had a pH of 8.2, and particle 
analysis was 8.2% very coarse, 35.3% coarse, 44.3% medium, 11.9% fine, 0.1% very fine, 
and 0.2% silt and clay by volume. This material was chosen due to its similarities to that 
specified by the United States Golf Association (USGA) for putting green use (Beard, 2002).  
Greenhouse conditions throughout the trial consisted of average day and night 
temperatures of 25.2 and 20.6° C, respectively. Supplemental radiation was provided when 
day-time irradiance dropped below 200 µmol m-2s-1 photosynthetic photon flux (PPF). 
Samples consistently received 16 hours of light day-1 throughout the trial, as measured with a 
LightScout Quantum Meter (Spectrum Technologies Inc., Aurora, IL). Relative humidity 
levels within the greenhouse ranged from 24.6 to 43.9% throughout the trial. 
Treatments and Application 
The study was repeated over two periods. Run 1 of the study was initiated on 21 
March 2016, with run 2 of the study beginning 17 October 2016. In each run of the study, 
initial N treatment applications were done 14 days after seeding (DAS), and continued 
throughout each run of the trial on 14-day intervals. A total of 4 treatment applications 
occurred in each run of the study. For run 1, treatment applications occurred on the following 
dates in 2016: 4 April, 18 April, 2 May, and 16 May. In run 2, treatment applications 
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occurred on the following dates in 2016: 31 October, 14 November, 28 November, and 12 
December. All treatments other than the untreated control (UTC) were applied at 3.4-kg N 
ha-1 application-1 and replicated a total of 4 times.   
Treatments (Table 1) were applied foliarly using a hand-held sprayer, with a carrier 
volume that was equal to 815-L ha-1. Deionized water (pH 5.8) was used to dissolve N 
treatments into solution, prior to application. Following applications, treatments were 
allowed to dry on the leaf tissue, before being watered in. Withholding irrigation until after 
treatments had dried was done to promote maximum plant absorption of the materials. 
Experimental treatments consisted of: (i) UTC, (ii) urea, (iii) GreenNCrease, (iv) 
4:1:1 (L:IL:V), (v) 4:1:1+N, (vi) 8:1:1, (vii) 8:1:1+N, (viii) 12:1:1, and (ix) 12:1:1+N. For 
the BCAA (L:IL:V)+N treatments, N was applied as half BCAA N (1.7 kg-N ha-1) and half 
urea N (1.7 kg-N ha-1).    
The BCAA used in this study were rated as food-grade quality and purchased from 
BulkSupplements.com (Hard Eight Nutrition LLC., Henderson, NV). Nitrogen content by 
weight was as follows: L-leucine and L-isoleucine 10.7%, and L-valine 12% N. The 
commercially available AA complex GreenNCrease is a product of Ajinomoto North 
America Inc. (Eddyville, Iowa). On a percentage weight basis, GreenNCrease is 6.0% N, 
with each L of product weighing 6.83-kg.  
Maintenance of Greenhouse Pots 
During bentgrass establishment, samples were kept moist in a greenhouse using an 
automatic misting bench. Following germination, which was 10-DAS, samples were 
transferred from the automatic misting bench to manual hand-watering. Pots received 2.54-
cm of irrigation week-1, throughout the duration of the trial.  
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Creeping bentgrass pots were initially cut when they had reached a 3.38-cm height on 
average. In each run of the study, samples were cut by hand weekly using a hand shears to 
maintain a 2.54-cm height of cut (HOC). At 70-DAS, the study was terminated, and physical 
plant measurements were determined. In addition to these measurements, digital image 
analysis (DIA) was used. 
Data Collection 
Digital images were captured using a Nikon CoolPix S8200 digital camera (Nikon 
Inc., Melville, NY). Images were taken using a specialty light-box (Ikemura, 2003) at a 
weekly interval throughout each run of the trial. Following the capturing of digital images for 
a given week, images were processed using the DIA software ImageJ (Soldat et al., 2012). 
ImageJ identifies the number of pixels in an image that contain a green color and falls within 
a range defined by the primary investigator (Ferreira and Rasband, 2012). Pictures were 
analyzed using the following ranges within ImageJ: hue 40-110, saturation 74-255, and 
brightness 117-255 (Mertz and Christians, 2016). 
The measurement feature within ImageJ was used to calculate total-pixels cm-1 and 
using the percentage of green-cover pixels image-1, DIA data were converted to green-cover 
cm-2. This calculated value was then divided by the overhead surface-area present in each 
plastic pot to quantify pot percentage green cover, similar to methods used by Baker et al. 
(1996). 
Plant biomass measurements included root weight, as well as above-ground shoot 
weight at the end of the study in both runs. Above-ground shoot weights were quantified by 
first separating above-ground plant parts from below-ground rooting systems using scissors. 
Following the removal of above-ground plant parts, samples were placed in a drying oven at 
80°C (24-hrs) and weighed individually using a balance (Scientific Engineering Response 
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Analytical Services, 1994). Root weights were quantified by first being placed in a drying 
oven at 80°C (24-hrs) and then using the loss on ignition method (Sluiter et al., 2008). The 
number of shoots present in each sample were also physically counted at the end of the study 
using modified methods described by Law et al. (2013).  
Experimental Design and Statistical Analyses 
The study was conducted as a completely randomized design with four replications 
and repeated twice. Data were analyzed using the GLM procedure (SAS version 9.3; SAS 
Institute, 2011). Fisher’s protected LSD was used for mean separation and performed at a 
significance level of 0.05. Due to a non-significant interaction between treatment and runs, 
data from each run were combined and are expressed as a single dataset.   
Results 
Shoot Density 
At the end of the study (70-DAS), all BCAA treatments increased creeping bentgrass 
shoot density compared to the UTC and urea (Table 2). The BCAA 4:1:1 ratio increased 
shoot density by 54% and 21%, compared to equal N from urea and GreenNCrease, 
respectively. When applied as 4:1:1+N, shoot density was increased by 49% and 17%, 
compared to urea and GreenNCrease. There were no differences between 4:1:1 and 4:1:1+N. 
Material incompatibility previously observed with the 8:1:1 and 12:1:1 ratio was 
alleviated by using the BCAA ratio half-rates. On average, 8:1:1+N and 12:1:1+N increased 
shoot density by 10% and 8.6%, respectively, compared to 8:1:1 and 12:1:1. (Table 2). 
However, these results were still less than the 4:1:1 and 4:1:1+N treatments. According to the 
results, greatest increases to creeping bentgrass shoot density compared to urea will occur 
when BCAA are applied in a 4:1:1 ratio either as a BCAA full-rate N source, or half-rate N 
source in combination with urea. 
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Digital Image Analysis (DIA) 
All BCAA treatments, other than 8:1:1 and 12:1:1, increased creeping bentgrass mean 
pot percent green cover compared to urea and were equal to GreenNCrease (Table 3). 
Greatest increases in mean pot percentage green cover compared to urea occurred when 
BCAA were applied as 4:1:1 and 4:1:1+N, which increased pot percent green cover by 66% 
and 53%, respectively. When BCAA were applied at an 8:1:1 and 12:1:1 ratio, creeping 
bentgrass mean pot percent cover was equal to both urea and GreenNCrease, but less than the 
other BCAA treatments.  
While there were no differences between BCAA 8:1:1, 12:1:1 and urea, when BCAA 
were applied as 8:1:1+N and 12:1:1+N, mean pot percent green cover was increased by 50%  
and 43%, respectively, compared to equal urea N (Table 3). Based on these results, using a 
BCAA full-rate of 4:1:1, or BCAA half-rate of 4:1:1+N, 8:1:1+N, or 12:1:1+N at 3.4 kg 
total-N ha-1 following creeping bentgrass germination will result in a greater percentage of 
green cover compared to equal urea N. For best results compared to urea N, it is 
recommended to apply BCAA as 4:1:1 or 4:1:1+N. 
Plant Biomass 
At the end of the study (70-DAS), all BCAA treatments other than 12:1:1, and 
12:1:1+N increased creeping bentgrass root weight compared to urea and were equal to 
GreenNCrease (Table 2). Greatest increases in root weight occurred when BCAA were 
applied as 4:1:1, where root weight was increased by 60%, compared to urea. The use of 
BCAA ratio half-rates had no effect on creeping bentgrass root weight compared to BCAA 
ratio full-rates.  
For creeping bentgrass shoot weight, there were no differences between BCAA 
treatments, urea, and GreenNCrease. Additionally, the use of BCAA ratio half-rates had no 
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effect on creeping bentgrass shoot weight, regardless of BCAA application ratio compared to 
BCAA ratio full-rates. 
Conclusions 
When creeping bentgrass was treated with BCAA 4:1:1 (L:IL:V), creeping bentgrass 
shoot density was increased by 54% compared to equal urea N, and this coincides with our 
previous findings. The increase in shoot density with BCAA 4:1:1 was greater than 
GreenNCrease, which is surprising, as these two treatments were found to be equal in 
previous studies. When BCAA were applied as 8:1:1 and 12:1:1, creeping bentgrass shoot 
density was also increased compared to equal urea N but were less than 4:1:1. 
Use of BCAA ratio half-rates did alleviate material incompatibility issues with the 
8:1:1 and 12:1:1 ratio. When BCAA were applied as 8:1:1+N and 12:1:1+N, shoot density 
was increased by 10% and 8.6%, respectively, compared to 8:1:1 and 12:1:1. The BCAA 
half-rate in these same ratios also resulted in an improvement in DIA data, where BCAA 
8:1:1+N and 12:1:1+N increased mean pot percent green cover compared to urea. On 
average, using a BCAA ratio half-rate had no effect on creeping bentgrass performance in the 
4:1:1 ratio compared to a BCAA ratio full-rate. 
The BCAA treatments resulted in equivalent shoot weights compared to urea, 
regardless of ratio, or use of half-rates. The BCAA treatments increasing creeping bentgrass 
shoot density, without increasing the above-ground accumulated plant biomass, indicates that 
this may be some type of plant growth regulating (PGR) response, and is not N related. 
Previously, AA applications have been reported to affect endogenous plant hormone levels 
(Aamlid et al., 2017; Carbonera et al., 1989; Jones and Christians, 2011; Merewitz et al., 
2012; Zhang et al., 2013), and this demonstrates how AA applications can result in PGR 
activity.  
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It appears that using a BCAA ratio half-rate can alleviate material incompatibility 
issues previously observed in the 8:1:1 and 12:1:1 ratios, and as a result, the PGR effect was 
enhanced by using the half-rate in BCAA ratios of 8:1:1 and 12:1:1. Based on the results of 
this study, a BCAA ratio of 4:1:1 is the optimal application ratio for increasing creeping 
bentgrass shoot density under controlled environment conditions. When using a BCAA ratio 
of 4:1:1 for increasing creeping bentgrass shoot density, it does not matter if BCAA are 
applied as a standalone N application, or tank mixed with existing N sources as a portion of 
the total applied N. Future research will investigate whether these findings can translate to a 
field setting with variable environmental conditions. 
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Table 1. Description of the nitrogen (N) fertility treatments˧ used on creeping bentgrass 




Product Rate Nitrogen Rate 
 % kg ha-1 kg N  ha-1 
Untreated Control  0 0 0 
Urea 46 7.4 3.4 
GreenNCrease‡ 6 44.5-L 3.4 
4:1:1¥ 10.9 31.2 3.4 
4:1:1+N£ 10.9:46 15.6:3.7 1.7:1.7 
8:1:1¥ 10.8 31.5 3.4 
8:1:1+N£ 10.8:46 15.7:3.7 1.7:1.7 
12:1:1¥ 10.7 31.8 3.4 
12:1:1+N£ 10.7:46 15.8:3.7 1.7:1.7 
˧ Treatment applications for run-1 were applied chronologically on the following dates in 2016: 4 April, 18 April, 2 May, and 16 May.                 
In run-2, treatments were applied chronologically on the following dates in 2016: 31 October, 14 November, 28 November, and 12 
December. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). The BCAA treatments were applied as a ratio of L:IL:V. 
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Table 2. Effects of nitrogen (N) fertility treatment˧ on creeping bentgrass root-weight±, 
shoot-weight£, and shoot-density¶ in Ames, IA, in 2016. 
Treatment Root Weight Shoot Weight  Shoot Density 
 g1 11.4-cm Pot g1 11.4-cm Pot Shoots-1 2.85-cm-2 
Untreated Control  0.17 0.36 36.5 
Urea 0.23 0.40 39.8 
GreenNCrease‡ 0.36 0.43 50.5 
4:1:1¥ 0.37 0.38 61.3 
4:1:1+N£ 0.35 0.42 59.3 
8:1:1¥ 0.34 0.39 46.8 
8:1:1+N£ 0.36 0.45 51.5 
12:1:1¥ 0.28 0.38 46.5 
12:1:1+N£ 0.27 0.44 50.5 
LSD(0.05): 0.05 0.06 2.7 
CONTRASTS 
GreenNCrease vs. Urea *** NS *** 
4:1:1 vs Urea *** NS *** 
4:1:1+N vs Urea *** NS *** 
8:1:1 vs Urea * NS *** 
8:1:1+N vs Urea *** NS *** 
12:1:1 vs Urea * NS *** 
12:1:1+N vs Urea NS‡ NS *** 
˧ Treatment applications for run-1 were applied chronologically on the following dates in 2016: 4 April, 18 April, 2 May, and 16 May.        
In run-2, treatments were applied chronologically on the following dates in 2016: 31 October, 14 November, 28 November, and 12 
December. 
± Root weight as determined by loss on ignition method. 
£ Oven-dry weight of above-ground leaf tissues measured in grams. 
¶ Average number of creeping bentgrass shoots counted by hand. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA-N, half urea-N. 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level.
 








Table 3.  Effect of nitrogen (N) fertility treatment˧ on creeping bentgrass pot percentage cover€ in Ames, IA, in 2016.
Treatment 
Percent  
Green Cover           
21 DASΔ 
























 ---------------------------------------------------------------- %-1 11.4-cm Pot ---------------------------------------------------------------- 
Untreated Control  17.3 18.1 16.7 25.7 22.1 24.5 18.5 19.9 19.9 
Urea 13.0 19.0 13.7 23.9 24.4 28.8 22.2 20.7 20.1 
GreenNCrease‡ 19.2 24.1 18.9 34.6 35.8 39.3 34.2 33.6 28.2 
4:1:1¥ 23.3 28.3 30.2 42.9 38.2 49.7 36.5 33.5 33.3 
4:1:1+N£ 18.6 23.3 21.1 41.3 40.9 45.6 35.9 34.4 30.8 
8:1:1¥ 20.1 23.8 20.2 30.0 28.0 36.5 26.6 27.1 24.7 
8:1:1+N£ 14.6 19.4 21.5 34.0 35.5 51.4 38.7 38.5 30.2 
12:1:1¥ 19.9 23.7 18.7 33.1 31.6 37.4 28.1 26.3 25.3 
12:1:1+N£ 19.6 25.2 18.7 35.8 36.7 38.8 35.2 34.7 28.8 
LSD(0.05): NS‡ NS 7.8 9.2 10.5 12.2 11.1 9.5 6.8 
CONTRASTS 
GreenNCrease vs. Urea NS NS NS * * NS * * * 
4:1:1 vs Urea NS NS * * * * * * * 
4:1:1+N vs Urea NS NS NS * * * * * * 
8:1:1 vs Urea NS NS NS NS NS NS NS NS NS 
8:1:1+N vs Urea NS NS * * * * * * * 
12:1:1 vs Urea NS NS NS * NS NS NS NS NS 
12:1:1+N vs Urea NS NS NS * * NS * * * 
˧ Treatment applications for run-1 were applied chronologically on the following dates in 2016: 4 April, 18 April, 2 May, and 16 May.                                                                                                                                                
In run-2, treatments were applied chronologically on the following dates in 2016: 31 October, 14 November, 28 November, and 12 December. 
€ Pot percentage cover quantified with DIA software. 
Δ Days after seeding (DAS). 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, betaine, and ammonium sulfate. 
¥ The BCAA treatments were applied as a ratio of L:IL:V. 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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CHAPTER 7.    EVALUATION OF THE BRANCHED-CHAIN AMINO ACIDS FOR 
INCREASING SHOOT DENSITY IN CREEPING 
BENTGRASS, UNDER FIELD CONDITIONS 
Modified from a paper to be submitted to Crop Science  
Isaac Mertz, Nick Christians, and Adam Thoms 
 
Abstract 
The branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), and valine (V) 
are synthesized in plants and are essential to growth of most organisms. In humans, BCAA 
have been demonstrated to increase muscle protein synthesis, and that increase is related to 
the intake ratio of L to IL and V. Preliminary research on creeping bentgrass (Agrostis 
stolonifera L.) under controlled environment conditions indicated that when BCAA were 
applied in a 4:1:1 ratio (L:IL:V) (3.4 kg-nitrogen [N] ha-1), shoot density of creeping 
bentgrass can be increased 30-40% compared to equal urea N.   
The objective of this study was to determine if increases in shoot density of creeping 
bentgrass previously observed under controlled environment conditions could translate to a 
field setting. To investigate this, a study was conducted on a mature creeping bentgrass 
putting green established on a United States Golf Association specified sand-based rootzone 
and subjected to application of BCAA, urea, and GreenNCrease. All treatments other than 
the untreated control received a total of 3.4 kg-N ha-1 application-1. The BCAA ratios 
evaluated were 4:1:1, 8:1:1 and 12:1:1, using a BCAA full-rate (3.4 kg-N ha-1). These BCAA 
ratios were also applied as 4:1:1+N, 8:1:1+N, and 12:1:1+N, which consisted of a BCAA 
half-rate (1.7 kg-BCAA-N ha-1), in combination with urea (1.7 kg-urea-N ha-1). At the 
conclusion of the study, creeping bentgrass receiving applications of 4:1:1+N increased 
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creeping bentgrass shoot density by 27% and 7% compared to equal N from urea and 
GreenNCrease, respectively. Additionally, the BCAA 4:1:1+N treatment also increased 
creeping bentgrass leaf N content by 10% and 14% compared to urea and GreenNCrease. All 
other combinations of BCAA were equal to urea N. Based on the results of this study, it 
appears that BCAA are best applied as 4:1:1+N in the field, as a portion of the total applied 
N in combination with urea.  
Introduction 
A recent trend in turfgrass management involves the use of foliarly applied amino 
acid (AA) containing fertilizers (Aylward and Chief, 2005; Schmidt, 1999). Amino acids are 
added to these products because AA have been reported to provide better plant benefits than 
mineral nutrition alone. Compared to mineral nutrition, AA-containing products have been 
reported to improve root growth (Mertz, 2015; Mertz et al., 2017), increase the rate of 
establishment (Aamlid et al., 2017) and recovery (Jones and Christians, 2011), as well as 
enable grasses to better withstand environmental stresses (Zhang et al., 2013). Additionally, 
compared to urea, which must be converted to ammonium prior to plant uptake through 
leaves, AA may be a more sustainable method of foliar N feeding (Hull et al., 2014). 
Foliarly applied AA enter the plant through openings in leaf cuticle tissue that are 
negatively charged (Stiegler et al., 2013). When the pH of an AA solution is below 9, such as 
when AA are dissolved using deionized water (Gliński et al., 2000), the N functional group 
of AA is positively charged (Lide, 1991) and this promotes movement of AA through the 
negatively charged openings of leaf cuticle tissue (Stiegler, et al., 2013). Additionally, AA 
that have a hydrophobic side-chain can also result in plant N uptake through leaf tissue using 
diffusion forces (Schönherr, 1976).Because of this, some AA may be more effective than 
others as additives in fertilizers. Three AA that can be plant absorbed using both ion uptake 
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and diffusion forces are the branched-chain amino acids (BCAA) leucine (L), isoleucine (IL), 
and valine (V) (Platell et al., 2000).  
The BCAA could be effective additives in foliarly applied fertilization products 
because they: 1) have aliphatic, nonpolar side chains, and 2) are relatively hydrophobic 
(Harper et. al., 1984). It is hypothesized that the hydrophobicity of these AAs makes them 
more mobile through the epicuticular wax and cutin of the leaf cuticle. Once through the 
cuticle, the hydrophobicity of BCAA could promote diffusion through the cell membranes of 
leaf tissues (Schönherr, 1976). Together, these characteristics favor plant absorption of 
BCAA (Marschner, 1995; Marschner, 2011; Stiegler et al., 2013; Totten et al., 2008). 
 However, research on plant BCAA catabolism and the effect of exogenously applied BCAA 
on plant growth is limited. 
In humans, BCAA have been reported to increase muscle protein synthesis 
(Blomstrand et al., 2006; Kerksick et al., 2006; Kimball and Jefferson, 2001, 2006; Pasiakos 
et al., 2011), and that increase was related to the intake ratio of L to IL and V (Kimball and 
Jefferson, 2001, 2006; Pasiakos et al., 2011). 
Because they can lead to an increase of muscle protein synthesis, BCAA products 
have increased on the shelves of body building and nutrition stores (Singh, 2017). However, 
an optimal intake ratio has not been identified, and BCAA products on the shelves of stores 
may contain a ratio anywhere from 2:1:1 to 12:1:1 (L:IL:V) (Stoppani, 2018) and the 
suggested dose among these products tend to vary (Layman, 2004). All three BCAA must be 
present in some amount for additional benefits to occur, and if only two or a single BCAA 
are present, no such benefits have been reported to occur (Blomstrand et al., 2006; Kimball 
and Jefferson, 2001, 2006; Pasiakos et al., 2011). 
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Preliminary studies on creeping bentgrass (Agrostis stolonifera L.) indicated that 
similar to humans, additional benefits can occur when BCAA are applied to plants in a 3-way 
combination (L:IL:V). Results from those studies indicated that when BCAA are applied as a 
standalone nitrogen (N) source in a 4:1:1 ratio (3.4 kg-N ha-1 application-1), shoot density of 
creeping bentgrass can be increased by 30-40%, compared to equal urea N. On average, 
responses seen following application with the 4:1:1 ratio were equal to GreenNCrease, a 
commercially available AA product previously reported to increase creeping bentgrass shoot 
density (Law et al., 2013).  
During preliminary studies, it was also observed that when BCAA were acting as a 
standalone N source at 3.4 kg-N ha-1, incorporating additional L into solution beyond a 4:1:1 
level led to mixing difficulties. This was caused by L having a greater hydrophobicity than IL 
and V (Wolfenden et al., 1981), and as a result, material incompatibility became more of an 
issue when trying to incorporate additional L into solution using the 3.4 kg-N ha-1 N 
application rate and BCAA as the sole N source.  
In an attempt to alleviate the material incompatibility observed, BCAA were 
evaluated using a BCAA ratio half-rate (1.7 kg-N ha-1 application-1) in combination with urea 
(1.7 kg-N ha-1 application-1). In that study, using the BCAA half-rates did alleviate material 
incompatibility for BCAA application ratios greater than 4:1:1, however, the 4:1:1 ratio was 
identified as the optimal application ratio for increasing the shoot density of creeping 
bentgrass. For shoot density increases to occur, it did not matter if the 4:1:1 ratio was applied 
as a standalone N application (3.4 kg-N ha-1) or tank mixed with urea as half of the total 
applied N (1.7 kg-BCAA-N ha-1, 1,7 kg-urea-N ha-1). 
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The objective of this study was to evaluate whether observations of increased 
creeping bentgrass shoot density observed in controlled environment studies also occur under 
field conditions. To investigate this, BCAA were applied to a mature sand-based creeping 
bentgrass putting green at 3.4 kg-N ha-1 application-1 using application ratios of 4:1:1, 8:1:1, 
and 12:1:1. The BCAA were also applied at 4:1:1, 8:1:1, and 12:1:1 using a BCAA ratio 
half-rate (1.7 kg-N ha-1) in combination with urea (1.7 kg-N ha-1). These applications were 
compared to an equal amount of N from standalone urea, and GreenNCrease. Measurements 
included turfgrass quality (TQ), color ratings, digital image analysis (DIA), ball roll distance, 
normalized difference vegetation index (NDVI), leaf N content (%), clippings weight, and 
shoot density. A total of 4 replications were used and the study was repeated in time over two 
years. 
Materials and Methods 
Description of Site and Maintenance 
The study was initiated on 16 June 2017 and repeated beginning on 15 June 2018 at 
the Iowa State University Horticulture Research Station (Ames, IA). In both years the 
experimental area consisted of a mature creeping bentgrass ‘Penncross’ putting green 
established on a sand-based rootzone in 2004. The sand-based rootzone had a particle 
analysis of 8.2% very coarse, 35.3% coarse, 44.3% medium, 11.9% fine, 0.1% very fine, and 
0.2% silt + clay by volume, and was within United States Golf Association (USGA) 
specifications for putting green use (Beard, 2002). Prior to treatment initiation in both years, 
the entire experimental area was treated with 11.84-kg phosphorus (P) ha-1 to account for a 
deficiency. 
Throughout the trial in both years, turf was maintained at a 0.32-cm height of cut six 
days-1 week-1 with a reel-mower, and clippings were removed. The experimental area also 
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received preventative fungicide and insecticide application in both years, to minimize the 
effect of diseases and insects confounding the experimental variables. Irrigation was applied 
to prevent drought stress as determined by the primary investigator. The experiment was 
arranged as a randomized complete block design with 1.5-m by 1.5-m plots used for 
individual experimental units, and a total of 4 treatment replications occurring during each 
year of the study. 
Treatments and Application 
Treatment (Table 1) applications were made using a carbon dioxide powered 
backpack sprayer at a spray carrier volume of 1220 L ha-1 at 275 kPa with TeeJet XR 
8002VS nozzles (TeeJet Technologies, Springfield, IL). Deionized water (pH 5.8) was used 
to dissolve N treatments into solution, prior to application. In both years of the study, a total 
of 6 treatment applications were made, starting at day-0 and continuing throughout the study 
on a 14-day interval. In year 1, treatment applications occurred on the following dates in 
2017: 16 June, 30 June, 14 July, 28 July, 11 August, and 25 August. In year 2, treatment 
applications occurred on the following dates in 2018: 15 June, 29 June, 13 July, 27 July, 10 
August, and 24 August.  
Following each application, treatments were allowed to dry on the leaf tissue before 
being watered in. Withholding irrigation until after treatments had dried was done to promote 
maximum plant absorption of the materials. Experimental treatments consisted of: (i) 
untreated control (UTC), (ii) urea, (iii) GreenNCrease, (iv) 4:1:1 (L:IL:V), (v) 4:1:1+N, (vi) 
8:1:1, (vii) 8:1:1+N, (viii) 12:1:1, and (ix) 12:1:1+N. For the BCAA (L:IL:V)+N treatments, 
N was applied as half BCAA N (1.7 kg-N ha-1) and half urea N (1.7 kg-N ha-1).   
The BCAA used in this study were rated as food-grade quality and purchased from 
BulkSupplements.com (Hard Eight Nutrition LLC., Henderson, NV). Nitrogen content by 
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weight was as follows: L-leucine and L-isoleucine 10.7%, and L-valine 12% N. The 
commercially available amino acid complex GreenNCrease is a product of Ajinomoto North 
America Inc. (Eddyville, Iowa), and on a percentage weight basis is 6.0% N, with each L of 
product weighing 6.83-kg. GreenNCrease was previously reported to increase the shoot 
density of a creeping bentgrass fairway by Law et al. (2013). 
Data Collection 
Digital images were captured twice weekly throughout the study using a Nikon 
CoolPix S8200 digital camera (Nikon Inc., Melville, NY), and a specialty light-box attached 
to a dolly cart (Ikemura, 2003). Digital images were analyzed using the software program 
SigmaScan Pro (v. 5.0, Systat Software Inc., Chicago, IL), and the turf macro developed by 
Karcher and Richardson (2005). SigmaScan Pro software calculates the total number of 
pixels for a given image, and using a user defined color threshold, estimates a percent green 
cover value based on the number of those pixels which contain green color (Richardson et 
al., 2001).  
In addition to percent green cover, SigmaScan Pro is also able to quantify a value for 
dark green color index (DGCI) (Karcher and Richardson, 2003). To selectively identify green 
leaves in the images, macro settings consisted of hue range being set from 47 to 107, and the 
saturation was set from 10 to 100 (Patton et al., 2005). Human observational rating was used 
to record turfgrass color and quality twice week-1. These observational measurements were 
done using the methods and guidelines of the National Turfgrass Evaluation Program 
(NTEP) (Morris and Shearman, 1998). 
Normalized difference vegetation index (NDVI) data were collected twice week-1 
using a Field Scout TCM 500 Turf Color Meter (Spectrum Technologies Inc., Plainfield, IL) 
and methods described by Law et al. (2013). On four separate dates in each year, clippings 
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were collected using a walk-behind electric reel-mower, oven-dried at 80℃ (24-hours) and 
weighed using a balance (Scientific Engineering Response Analytical Services, 1994). 
Clippings collected prior to- and post-treatment applications in both years were also analyzed 
for total N content via digestion method (Nelson and Sommers, 1973), to assess treatment 
effect on creeping bentgrass leaf tissue N content.  
Average ball roll distance (commonly referred to as ‘STIMP’) was measured twice 
week-1 using a modified half-size stimpmeter (Gaussoin et al., 1995) and a Titleist ProV1 
golf ball. Using the smaller stimp meter allowed the procedure for measuring ball roll 
distance described by Radko (1980) to be used in each 1.5-m by 1.5-m experimental plot. 
Because the half size meter was used, measurements for each plot were multiplied by two, 
and these results were recorded as the data point and used for analysis (Gaussoin et al., 
1995). 
Due to the likelihood of ball roll distance to be closely related to soil moisture content 
(Drake, 2014), the volumetric water content (%VWC) for each experimental unit was 
recorded during ball roll measurements with a TDR-300 (Spectrum Technologies INC.) with 
7.62-cm long probes, and used as a covariate during analysis (data not shown). Creeping 
bentgrass shoot density was also measured once week-1 throughout the trial using the 
methods described by Law et al. (2013). 
Experimental Design and Statistical Analyses 
A randomized complete block design (RCBD) was used with four replications. All 
data were analyzed using the GLM procedure (SAS version 9.3; SAS Institute, 2011). Due to 
a non-significant interaction between treatment and year (Table 2), all data have been 
combined across years and are presented as a single dataset. A treatment x date interaction 
was detected in DGCI, NDVI, leaf tissue N content, and shoot density (Table 2), thus data 
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from each date in these measurements were analyzed and presented individually. There was 
no interaction between treatment and date detected for color ratings, turfgrass quality, 
clippings, or ball roll distance (Table 2). For these measurements, data have been combined 
across dates and are presented as a mean effect.  
All mean separation was performed using Fisher’s protected LSD, and orthogonal 
contrasts were used to test each BCAA treatment and GreenNCrease against urea. All tests 
were performed at a significance level of 0.05. Percent green cover was found to be 
unaffected by treatment (Table 2), and effects of treatments on percent green cover will not 
be discussed. 
Results 
Ball Roll Distance (STIMP) 
On average, treatment did not have an effect on mean ball roll distance (Table 3). 
There were no differences between urea and BCAA treatments, regardless of application 
ratio or use of BCAA half-rate. According to the results, BCAA will have no effect on 
creeping bentgrass average ball roll distance compared to equal N applications using urea or 
GreenNCrease.  
Color Ratings 
Compared to the UTC, all treatments containing N resulted in a greater mean color 
rating (Table 3). The BCAA treatment of 8:1:1 and also GreenNCrease resulted in a mean 
color rating that was 12% and 14% less than urea, respectively. All BCAA treatments other 
than 8:1:1 resulted in mean color ratings that were equal to urea. While there were no 
differences between BCAA treatments and urea, the BCAA treatments of 8:1:1+N and 12:1:1 
did increase creeping bentgrass mean color ratings by 12% each, compared to GreenNCrease, 
and all other BCAA treatments were equal to GreenNCrease.  
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According to the results, using a full-rate, or half-rate of BCAA in combination with 
urea, at a 4:1:1 or 12:1:1 ratio, will result in equal observed color responses in creeping 
bentgrass compared to equal urea N. When applied in an 8:1:1 ratio, it is recommended to 
use the BCAA-half rate, otherwise observed color responses may be less than urea.  
Clippings 
There were no differences in mean clipping weight between BCAA treatments, urea 
and GreenNCrease, regardless of BCAA application ratio, or use of BCAA ratio half-rate 
(Table 3). Based on these results, BCAA will have a similar effect on creeping bentgrass 
clipping weight compared to equal N applications using urea or GreenNCrease.  
Turfgrass Quality (TQ) 
There were no differences in mean creeping bentgrass quality between urea and 
BCAA treatments, regardless of BCAA ratio, or use of BCAA half-rate (Table 3). While 
there were no differences between BCAA treatments and urea, the BCAA treatments of 4:1:1 
and 12:1:1+N did increase mean creeping bentgrass quality by 7% each, compared to 
GreenNCrease. Additionally, orthogonal contrasts which compare each treatment to urea 
individually, revealed that GreenNCrease was the only treatment that resulted in a lower 
mean creeping bentgrass quality compared to urea.  
Shoot Density 
While all of the BCAA treatments increased creeping bentgrass shoot density 
compared to urea from 49 days after initial treatment (DAIT) through the end of the study 
(84-DAIT), only the BCAA 4:1:1+N treatment resulted in a greater mean shoot density at the 
end of the study compared to equal urea N (Table 4). On average, creeping bentgrass 
receiving applications of the BCAA 4:1:1+N treatment increased creeping bentgrass shoot 
density by 27% and 10% compared to urea and GreenNCrease, respectively.  
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Applications of GreenNCrease did result in a lower creeping bentgrass shoot density 
compared to urea on 7, 12, and 28-DAIT, however, there were no differences between 
GreenNCrease and urea at the end of the study. Compared to GreenNCrease, the BCAA 
treatments of 4:1:1, 4:1:1+N, and 8:1:1 increased creeping bentgrass mean shoot density by 
7%, 10%, and 7%, respectively (Table 4). Based on these results, greatest increases in 
creeping bentgrass shoot density compared to equal urea N will occur when BCAA are 
applied as 4:1:1+N under field conditions.   
Leaf N Content 
On average, there were no differences in creeping bentgrass leaf N content 
measurements conducted prior to initial treatment applications. For leaf N content 
measurements conducted at the end of the study, the BCAA 4:1:1+N treatment resulted in a 
10% and 14% increase in leaf N content compared to urea and GreenNCrease, respectively 
(Table 5). There were no differences in leaf N content measurements done at the end of the 
study between the other BCAA treatments and urea.  
Compared to GreenNCrease, the BCAA treatments of 4:1:1, 8:1:1+N, and 12:1:1+N 
increased creeping bentgrass leaf N content by 7%, 7%, and 10%, respectively. However, 
these increases were less than the 14% increase compared to GreenNCrease that occurred 
with the 4:1:1+N treatment. There were no differences between BCAA 8:1:1, 12:1:1, and 
GreenNCrease.  
Dark Green Color Index (DGCI) 
Similar to the color measurements obtained through observational ratings, DGCI 
measurements obtained through DIA revealed that only GreenNCrease and BCAA 8:1:1 
were less than urea, on average across all measurement dates (Table 6). At 24-DAIT, the 
BCAA full-rate treatments of 8:1:1 and 12:1:1, and half-rate treatments of 8:1:1+N and 
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12:1:1+N resulted in a lower DGCI compared to urea. At 84-DAIT, BCAA 8:1:1, 12:1:1, and 
12:1:1+N again resulted in a lower DGCI compared to urea, as did BCAA 4:1:1+N and 
GreenNCrease. However, on average across all measurement dates, BCAA 8:1:1 and 
GreenNCrease were the only treatments to result in a lower DGCI value compared to urea.  
On average across all measurement dates, there were no differences between BCAA 
4:1:1, 12:1:1 and urea, and use of a BCAA full- or half-rate in these ratios had no effect on 
creeping bentgrass DGCI. The use of a BCAA half-rate did result in a positive effect on 
DGCI when BCAA were applied in an 8:1:1 ratio, however, increases observed with the 
BCAA half-rate in this ratio compared to the BCAA full-rate did not result in an increased 
DGCI compared to urea. 
Normalized Difference Vegetation Index (NDVI) 
The BCAA treatment of 4:1:1 increased creeping bentgrass NDVI compared to urea 
on 73, 77, 80, and 84-DAIT, however, on average across all dates, there were no differences 
in mean NDVI between urea and any of the BCAA treatments (Table 7). On average, the use 
of BCAA half-rates, and also BCAA application ratio had no effect on creeping bentgrass 
NDVI compared to urea.  
Compared to GreenNCrease, the BCAA 4:1:1+N and 12:1:1+N treatments increased 
mean NDVI by 11% and 10%, respectively at the end of the study (Table 7). When 
comparing these treatments to GreenNCrease, the use of a BCAA half-rate did have a 
positive effect on the 4:1:1 and 12:1:1 ratios compared to the BCAA full-rate, however, the 
4:1:1+N and 12:1:1+N treatments were statistically comparable to urea on average at the 
study’s end.  
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Conclusions 
Greatest increases to creeping bentgrass shoot density occurred in the BCAA 4:1:1+N 
treatment. When BCAA were applied as 4:1:1+N, creeping bentgrass shoot density was 
increased by 27% and 7% compared to equal N from urea and GreenNCrease, respectively. 
Additionally, the BCAA 4:1:1+N treatment also increased creeping bentgrass leaf N content 
by 10% and 14% compared to urea and GreenNCrease, respectively. Based on the results of 
this study, it appears that BCAA are best suited as being applied to creeping bentgrass in the 
field as 4:1:1+N, which consists of a 4:1:1 ratio (L:IL:V), and a BCAA half-rate in 
combination with urea (1.7 kg-BCAA-N ha-1, 1.7 kg-urea-N ha-1).  
This is an unexpected result, as greater increases to creeping bentgrass shoot density 
during our earlier greenhouse studies occurred when BCAA were applied as 4:1:1, which 
uses a BCAA full-rate (3.4 kg-BCAA-N ha-1). It is likely that the variation in growing 
conditions seen in the field study, compared to the optimal growing conditions that occurred 
in the greenhouse trials, had an impact on these results. This data is a good example of how 
results observed in controlled environment research can differ from responses observed in the 
field, and demonstrates how plant response to chemical application can be variable across the 
two types of growing conditions (Fletcher et al., 1990).   
The increase observed in creeping bentgrass leaf N content with the 4:1:1+N 
treatment was likely influenced by the urea included in this treatment. The urea, in addition 
to the 4:1:1 ratio used, resulted in the 4:1:1+N treatment having a greater N content by 
weight (Table 1), and likely led to the increases seen compared to the other BCAA 
treatments. Since the BCAA, can also enter plant leaves through diffusion forces (Schönherr, 
1976), and do not solely rely on conversion by the enzyme urease in order for plant uptake to 
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occur (Hull et al., 2014), the 4:1:1+N treatment also increased leaf N compared to standalone 
urea applications of equal N (Table 5).  
Although the shoot density responses observed in this field trial did differ from the 
earlier greenhouse studies, the general consensus is that 4:1:1 is the optimal application ratio. 
Under field conditions, it appears that the 4:1:1 ratio does better when applied using the 
BCAA half-rate in combination with urea (4:1:1+N). A benefit of this is that BCAA can be 
applied in a tank mix with urea, as a portion of the total applied N. This could greatly lower 
the price per application, and lead to a greater use of BCAA in the turfgrass industry.  
Being able to increase the shoot density of creeping bentgrass could be beneficial for 
multiple reasons. A primary goal of all golf course superintendents is to provide putting 
green surfaces that are uniform and consistent across the entire course (Lyons, 2012), and 
shoot density has a major impact on those metrics (Landschoot, 2010), however, treatment 
did not have an effect on ball roll in this study. Another benefit of being able to increase the 
shoot density of creeping bentgrass is the decreased pressure of weeds like annual bluegrass 
(Poa annua L.), as well as other unwanted organisms such as green algae and moss. These 
pests can negatively affect putting green surface uniformity, and a golfer’s overall experience 
(Landschoot, 2010; Weber and McAvoy, 2003). Being able to increase creeping bentgrass 
shoot density through application of BCAA 4:1:1+N could help golf course superintendents 
better provide and maintain more uniform creeping bentgrass putting surfaces, and a possible 
tool for them to use. 
The BCAA 4:1:1+N treatment increasing creeping bentgrass shoot density, without 
increasing the clipping weights or accumulated plant biomass compared to the other 
treatments containing equal N, indicates that this may be some type of plant growth 
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regulating (PGR) response. Previously, AA applications have been reported to affect 
endogenous plant hormone levels (Aamlid et al., 2017; Carbonera et al., 1989; Jones and 
Christians, 2011; Merewitz et al., 2012; Zhang et al., 2013), and this demonstrates how AA 
applications can result in PGR activity. While we have a firm understanding of how to 
increase creeping bentgrass shoot density using BCAA, future research will investigate why 
this is occurring, in order for us to gain a better understanding of amino acid catabolism in 
general, and how BCAA applications are resulting in PGR activity. 
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Table 1. Description of the nitrogen (N) fertility treatments˧ used on creeping bentgrass 




Product Rate Nitrogen Rate 
 % kg ha-1 kg N ha-1 
Untreated Control  0 0 0 
Urea 46 7.4 3.4 
GreenNCrease‡ 6 44.5-L 3.4 
4:1:1¥ 10.9 31.2 3.4 
4:1:1+N£ 10.9:46 15.6:3.7 1.7:1.7 
8:1:1 10.8 31.5 3.4 
8:1:1+N 10.8:46 15.7:3.7 1.7:1.7 
12:1:1 10.7 31.8 3.4 
12:1:1+N 10.7:46 15.8:3.7 1.7:1.7 
˧ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 
August, and 25 August. In year-2, treatments were applied chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 
July, 10 August, and 24 August. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA-N, half urea-N. 









Table 2. Analysis of variance (ANOVA) describing the effects of nitrogen (N) fertility treatment˧, dateʃ, and yearɣ and their 
interactions on ball roll distance₱, color rating₲, turfgrass quality₵, clippings weight₳, normalized difference 








Rating             











































˧ Nitrogen fertility treatments included an untreated control (UTC), urea, GreenNCrease, BCAA: 4:1:1, 8:1:1, and 12:1:1 (L:IL:V). The BCAA ratios were also applied as  4:1:1, 8:1:1, and 12:1:1 ratios, 
with half of the total applied N coming from BCAA, and the other half coming from urea. All treatments other than UTC were applied at a total N rate of 3.4 kg-N ha-1. 
ʃ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 August, and 25 August. In year-2, treatments were applied 
chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 July, 10 August, and 24 August. 
ɣ The study was initiated in 2017 and repeated again in 2018. 
₱ Ball roll distances were quantified using a half-size Stimpmeter and are the average of three readings in two directions.  
₲ Color Ratings were done using visual observation. Values are on a 1 -9 scale, with 9 = best. 
₵  Turfgrass quality was established using visual observation and a 1 – 9 scale, with 9 = best. 
₳  Clipping weights were quantified by collecting the clippings removed within each plot using a 0.32-cm height of cut.  
₶ NDVI values were quantified using a handheld FieldScout TCM 500 NDVI Turf Color Meter (Spectrum Inc.).  
α DGCI values were quantified using digital image analysis and SigmaScan Pro software.  
Δ Percent cover values were quantified using digital image analysis and SigmaScan Pro software.  
¶ Number of creeping bentgrass shoots counted by hand in a 0.54-cm diameter sample core, averaged over three cores. 
₴ Creeping bentgrass leaf nitrogen (N) content, quantified via digestion method. 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 
 *** Significant at the 0.001 probability level. 
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Table 3. Effect of nitrogen (N) fertility treatment˧ on creeping bentgrass ball roll distance₱, 







Color Rating             Clippings Quality 
 kg N ha-1 
STIMP-1      
2.3-m-2 Plot 
1 - 9 g-1 2.3-m-2 Plot 1 - 9 
Untreated Control  0 9.7 4.9 20.6 6.9 
Urea 3.4 9.5 5.9 27.6 7.4 
GreenNCrease‡ 3.4 9.5 5.1 26.4 7.0 
4:1:1¥ 3.4 9.4 5.6 26.2 7.5 
4:1:1+N£ 1.7:1.7 9.5 5.5 27.0 7.4 
8:1:1 3.4 9.8 5.2 28.3 7.2 
8:1:1+N 1.7:1.7 9.8 5.7 25.3 7.4 
12:1:1 3.4 9.6 5.7 27.5 7.3 
12:1:1+N 1.7:1.7 9.4 5.6 26.8 7.5 
LSD (0.05): NS‡ 0.6 3.2 0.3 
CONTRASTS 
GreenNCrease vs. Urea NS * NS * 
4:1:1 vs. Urea NS NS NS NS 
4:1:1+N vs. Urea NS NS NS NS 
8:1:1 vs. Urea NS * NS NS 
8:1:1+N vs. Urea NS NS NS NS 
12:1:1 vs. Urea NS NS NS NS 
12:1:1+N vs. Urea NS NS NS NS 
˧ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 August, and 
25 August. In year-2, treatments were applied chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 July, 10 August, 
and 24 August. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, betaine, 
and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA-N, half urea-N. 
₱ Ball roll distances were quantified using a half-size Stimpmeter and are the average of three readings in two directions, in units of feet.  
₲ Color Ratings were done using visual observation. Values are on a 1 -9 scale, with 9 = best. 
₳
 
 Clipping weights were quantified by collecting the clippings removed within each plot using a 0.32-cm height of cut.  
₵
 
 Turfgrass quality was established using visual observation and a 1 – 9 scale, with 9 = best.  
Δ
 
 Due to a non-significant interaction between treatment and year, data have been combined across years and presented as a single dataset.  
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 
  
 








































Untreated Control  0 40.7 40.7 45.5 40.7 39.5 40.2 37.3 38.3 38.4 40.6 38.4 39.7 
Urea 3.4 44.3 44.8 44.6 48.9 45.6 44.6 48.2 46.2 49.7 52.1 49.4 46.9 
GreenNCrease‡ 3.4 32.3 36.6 47.6 39.4 50.2 48.2 52.0 49.8 53.7 56.1 53.1 45.9 
4:1:1¥ 3.4 33.5 37.0 53.2 40.2 53.3 51.2 55.3 52.9 57.1 60.0 56.8 48.9 
4:1:1+N£ 1.7:1.7 41.1 41.7 51.4 42.4 52.9 50.7 54.7 52.6 56.3 58.7 55.7 50.4 
8:1:1 3.4 38.2 42.4 43.0 47.1 52.7 50.6 54.6 52.3 56.3 58.5 55.4 48.9 
8:1:1+N 1.7:1.7 39.1 33.2 54.5 41.0 51.1 48.9 52.8 50.6 54.5 56.6 53.7 47.8 
12:1:1 3.4 42.0 39.7 41.9 42.8 52.2 50.0 54.0 51.7 55.7 57.9 54.8 48.4 
12:1:1+N 1.7:1.7 37.5 37.2 57.5 45.7 51.5 49.3 53.3 51.0 54.7 56.9 53.8 48.9 
LSD (0.05): 6.4 5.4 9.3 4.3 3.8 4.7 4.0 3.9 4.2 4.3 4.1 2.5 
CONTRASTS 
GreenNCrease vs. Urea * * NS *** NS NS NS NS NS NS NS NS 
4:1:1 vs. Urea * * NS * * * * * * * * NS 
4:1:1+N vs. Urea NS‡ NS NS * * * * * * * * * 
8:1:1 vs. Urea NS NS NS NS * * * * * * * NS 
8:1:1+N vs. Urea NS *** * * * NS * * * * * NS 
12:1:1 vs. Urea NS NS NS * * * * * * * * NS 
12:1:1+N vs. Urea * * * NS * NS * * * * * NS 
˧ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 August, and 25 August. In year-2, treatments were applied 
chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 July, 10 August, and 24 August. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, 
NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA- nitrogen (N), half urea-N. 
¶ Number of creeping bentgrass shoots counted by hand in a 0.54-cm diameter sample core, averaged over three cores. 
Δ
 
 Due to a non-significant interaction between treatment and year, data have been combined across years and presented as a single dataset. 
₳ Days after initial treatment (DAIT). 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 
 *** Significant at the 0.001 probability level. 
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Table 5. Effect of nitrogen (N) fertility treatment˧ on creeping bentgrass leaf N content₴ 
in Ames, IA, in 2017Δ and 2018Δ. 
Treatment Nitrogen Rate 0-DAIT₳ 84-DAIT 
 kg N ha-1 % % 
Untreated Control  0 1.3 1.3 
Urea 3.4 1.3 1.6 
GreenNCrease‡ 3.4 1.3 1.5 
4:1:1¥ 3.4 1.2 1.6 
4:1:1+N£ 1.7:1.7 1.3 1.7 
8:1:1 3.4 1.3 1.5 
8:1:1+N 1.7:1.7 1.3 1.6 
12:1:1 3.4 1.3 1.5 
12:1:1+N 1.7:1.7 1.3 1.6 
LSD (0.05): NS‡ 0.1 
CONTRASTS 
GreenNCrease vs. Urea NS NS 
4:1:1 vs. Urea NS NS 
4:1:1+N vs. Urea NS * 
8:1:1 vs. Urea NS NS 
8:1:1+N vs. Urea NS NS 
12:1:1 vs. Urea NS NS 
12:1:1+N vs. Urea NS NS 
˧ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 
August, and 25 August. In year-2, treatments were applied chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 
July, 10 August, and 24 August. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, 
betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from 
BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA-N, half urea-N. 
₴ Creeping bentgrass leaf nitrogen (N) content, quantified via digestion method. 
Δ
 
 Due to a non-significant interaction between treatment and year, data have been combined across years and presented as a single dataset.  
₳ Days after initial treatment (DAIT). 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 







Table 6. Effect of nitrogen (N) fertility treatment˧ on creeping bentgrass dark green color index (DGCI)α                                           
in Ames, IA, in 2017Δ and 2018Δ. 









































kg N ha-1 ------------------------------------------------------------------------------------------ DGCI-1        
2.3-m-2 Plot 
-------------------------------------------------------------------------------------------- 
Untreated Control  0 0.570 0.532 0.519 0.511 0.550 0.534 0.514 0.521 0.546 0.555 0.545 0.542 0.542 0.523 0.538 0.568 0.534 0.495 0.501 0.541 
Urea 3.4 0.563 0.527 0.527 0.529 0.564 0.555 0.528 0.540 0.563 0.580 0.554 0.560 0.552 0.549 0.551 0.582 0.575 0.534 0.552 0.558 
GreenNCrease‡ 3.4 0.549 0.515 0.518 0.525 0.554 0.540 0.524 0.535 0.550 0.565 0.544 0.549 0.538 0.533 0.547 0.570 0.526 0.525 0.507 0.544 
4:1:1¥ 3.4 0.556 0.526 0.518 0.529 0.556 0.544 0.525 0.535 0.576 0.561 0.543 0.558 0.546 0.542 0.548 0.594 0.541 0.543 0.543 0.553 
4:1:1+N£ 1.7:1.7 0.561 0.523 0.536 0.529 0.549 0.550 0.530 0.536 0.556 0.574 0.549 0.556 0.512 0.535 0.546 0.579 0.541 0.533 0.525 0.551 
8:1:1 3.4 0.545 0.514 0.526 0.515 0.536 0.537 0.519 0.526 0.560 0.557 0.553 0.560 0.551 0.535 0.546 0.582 0.540 0.527 0.525 0.546 
8:1:1+N 1.7:1.7 0.585 0.542 0.530 0.533 0.539 0.552 0.532 0.527 0.561 0.567 0.549 0.576 0.553 0.552 0.551 0.589 0.542 0.535 0.534 0.556 
12:1:1 3.4 0.596 0.553 0.548 0.530 0.536 0.559 0.526 0.529 0.552 0.565 0.566 0.567 0.565 0.530 0.548 0.574 0.542 0.516 0.518 0.556 
12:1:1+N 1.7:1.7 0.553 0.521 0.532 0.517 0.540 0.534 0.526 0.530 0.567 0.581 0.568 0.575 0.564 0.543 0.552 0.591 0.545 0.529 0.524 0.553 
LSD (0.05): NS‡ NS NS NS 0.018 NS NS NS NS NS NS 0.019 NS NS NS NS NS 0.027 0.024 0.010 
CONTRASTS 
GreenNCrease vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * 
4:1:1 vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
4:1:1+N vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS 
8:1:1 vs. Urea NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS * * 
8:1:1+N vs. Urea NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
12:1:1 vs. Urea NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS * NS 
12:1:1+N vs. Urea NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS * NS 
˧ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 August, and 25 August. In year-2, treatments were applied 
chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 July, 10 August, and 24 August. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, 
NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA-N, half urea-N. 
α Dark green color index (DGCI) is on a scale of 0 (very yellow) to 1 (dark green) and quantified using digital image analysis. 
Δ
 
 Due to a non-significant interaction between treatment and year, data have been combined across years and presented as a single dataset.  
₳ Days after initial treatment (DAIT). 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 









Table 7. Effect of nitrogen (N) fertility treatment˧ on creeping bentgrass normalized difference vegetation index (NDVI)₶                             
in Ames, IA, in 2017Δ and 2018Δ. 









































kg N ha-1 ----------------------------------------------------------------------------------------- NDVI-1          
2.3-m-2 Plot 
------------------------------------------------------------------------------------------- 
Untreated Control  0 0.671 0.655 0.661 0.682 0.693 0.657 0.684 0.691 0.719 0.689 0.673 0.659 0.673 0.686 0.680 0.692 0.675 0.679 0.685 0.679 
Urea 3.4 0.684 0.709 0.722 0.701 0.695 0.715 0.708 0.707 0.726 0.720 0.719 0.700 0.719 0.704 0.717 0.704 0.691 0.700 0.672 0.704 
GreenNCrease‡ 3.4 0.661 0.703 0.714 0.680 0.705 0.708 0.703 0.697 0.718 0.713 0.717 0.691 0.706 0.710 0.714 0.710 0.703 0.708 0.691 0.701 
4:1:1¥ 3.4 0.675 0.699 0.710 0.687 0.698 0.702 0.700 0.701 0.728 0.721 0.723 0.694 0.714 0.714 0.718 0.720 0.710 0.723 0.712 0.706 
4:1:1+N£ 1.7:1.7 0.690 0.706 0.719 0.693 0.706 0.711 0.708 0.703 0.727 0.715 0.721 0.693 0.717 0.715 0.723 0.716 0.715 0.723 0.715 0.709 
8:1:1 3.4 0.668 0.690 0.703 0.676 0.690 0.693 0.694 0.692 0.715 0.715 0.726 0.686 0.721 0.704 0.720 0.718 0.707 0.713 0.708 0.700 
8:1:1+N 1.7:1.7 0.683 0.703 0.714 0.693 0.701 0.708 0.702 0.699 0.720 0.711 0.720 0.687 0.712 0.707 0.720 0.709 0.700 0.719 0.710 0.704 
12:1:1 3.4 0.677 0.699 0.710 0.687 0.694 0.706 0.738 0.694 0.724 0.713 0.722 0.696 0.717 0.711 0.722 0.712 0.712 0.716 0.712 0.707 
12:1:1+N 1.7:1.7 0.676 0.698 0.713 0.705 0.697 0.705 0.703 0.700 0.729 0.724 0.727 0.707 0.718 0.713 0.724 0.715 0.702 0.713 0.716 0.708 
LSD (0.05): 0.012 0.021 0.019 NS‡ NS 0.019 NS 0.010 0.009 0.016 0.015 0.026 0.014 0.013 0.010 0.014 0.016 0.018 0.023 0.007 
CONTRASTS 
GreenNCrease vs. Urea * NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS 
4:1:1 vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * * * NS 
4:1:1+N vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * * NS 
8:1:1 vs. Urea * NS * NS NS * NS * * NS NS NS NS NS NS * * NS * NS 
8:1:1+N vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * NS 
12:1:1 vs. Urea NS NS NS NS NS NS NS * NS NS NS NS NS NS NS NS * NS * NS 
12:1:1+N vs. Urea NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS 
˧ Treatment applications for year-1 were applied chronologically on the following dates in 2017: 16 June, 30 June, 14 July, 28 July, 11 August, and 25 August. In year-2, treatments were applied 
chronologically on the following dates in 2018: 15 June, 29 June, 13 July, 27 July, 10 August, and 24 August. 
‡ GreenNCrease (Ajinomoto North America, Inc., Eddyville IA) is a combination of amino acids, sugars, organic acids, polysaccharides, betaine, and ammonium sulfate. 
¥ All BCAA treatments consisted of food-grade rated L-leucine (L), L-isoleucine (IL), and L-valine (V) which were purchased from BulkSupplements.com ( Hard Eight Nutrition LLC., Henderson, 
NV). The BCAA treatments were applied as a ratio of L:IL:V. 
£ The BCAA (L:IL:V)+N treatments were applied as half BCAA-N, half urea-N. 
₶ Normalized difference vegetation index (NDVI) is on a scale of -1 (dead grass) to 1 (healthy grass).Values are the average of three readings using a FieldScout TCM 500 NDVI (Spectrum Inc.).  
Δ
 
 Due to a non-significant interaction between treatment and year, data have been combined across years and presented as a single dataset.  
₳ Days after initial treatment (DAIT). 
‡ NS, nonsignificant at the α = 0.05 level. 
* Significant at the 0.01 probability level. 
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CHAPTER 8.    GENERAL CONCLUSIONS 
Review of Hypothesis 
It was hypothesized that the branched-chain amino acids (BCAA) would be effective  
as a creeping bentgrass (Agrostis stolonifera L.) foliarly applied nitrogen (N) source, or as an 
additive in foliar products, based on the likelihood that these amino acids (AA) would be 
preferentially absorbed through diffusion forces and are also able to enter the plant using ion 
uptake. Upon plant absorption, BCAA could be used as a N source for growth (Harper et al., 
1984; Marschner, 1995; Marschner, 2011; Platell et al., 2000). In humans, BCAA have been 
demonstrated to increase muscle protein synthesis (Blomstrand et al., 2006; Kerksick et al., 
2006; Kimball and Jefferson, 2001, 2006; Pasiakos et al., 2011), and that increase was related 
to the intake ratio of L to IL and V (Kimball and Jefferson, 2001, 2006; Pasiakos et al., 
2011).  
BCAA as a N Source and Effects on Shoot Density 
While no increases were observed in accumulated creeping bentgrass biomass 
following application of BCAA compared to urea, creeping bentgrass shoot density was 
increased in samples receiving application of BCAA in a 3-way combination (L:IL:V). The 
BCAA increasing creeping bentgrass shoot density, without increasing the clipping weight or 
accumulated plant biomass compared to equal N using other N sources, is believed to be a 
plant growth regulating (PGR) response.  
Previously, AA applications have been reported to affect endogenous plant hormone 
levels (Aamlid et al., 2017; Carbonera et al., 1989; Jones and Christians, 2011; Merewitz et 
al., 2012; Zhang et al., 2013), and this demonstrates how AA applications can result in plant 
growth regulating (PGR) activity. Additionally, BCAA are reported to result in the 
production of glucosinolates, a category of secondary plant metabolites that can interact with 
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plant hormones, resulting in atypical plant growth (Harper et al., 1984). This is another 
possible explanation for the observation of increased creeping bentgrass shoot density 
following application of BCAA in specific ratios (L:IL:V). 
In the initial greenhouse study (Chapter 3), there were no differences in root length, 
root weight or shoot weight between BCAA and urea, however, BCAA 2:1:1 and 4:1:1 
increased creeping bentgrass shoot density by 24% and 32%, respectively, compared to equal 
urea N when applied at 3.4 kg-N ha-1. To better understand those observations, digital image 
analysis (DIA) was used to further investigate the changes that were happening to above-
ground growth (Chapter 4). A result of that study was BCAA 2:1:1 and 4:1:1 increased shoot 
density 21% and 30%, respectively, compared to equal N from urea, and were equal to 
GreenNCrease, a commercially available AA product previously reported to increase the 
shoot density of a creeping bentgrass fairway by Law et al (2013). Compared to urea, the 
BCAA 4:1:1 treatment in that study also increased creeping bentgrass percent green cover. 
Because further increases were not observed when BCAA were applied at a higher N 
application rate, and the hydrophobicity of BCAA created material incompatibility at the 
higher N application rates, it was concluded that BCAA were best suited as a foliar N source 
using a light N application ratio (3.4 kg-N ha-1). Additionally, it was concluded that when 
BCAA are applied as an individual AA (L, IL, or V), in a two-way combination (L+IL, L+V, 
or IL+V), BCAA appear to be suitable as a N source for plant growth compared to urea, but 
no additional benefits such as increased shoot density will occur. Because the optimal 
application ratio appeared to be greater than 4:1:1, an increased emphasis was placed on 
investigating the effects of higher BCAA application ratios. 
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Material incompatibility of BCAA again became an issue when investigating the 
effects of higher BCAA application ratios (Chapter 5). While it was hypothesized that shoot 
density of creeping bentgrass could be further improved by using a BCAA application ratio 
greater than 4:1:1, it was discovered that incorporating additional L into the solution became 
an issue. It is thought that this is caused by L having a greater hydrophobicity that IL and V 
(Wolfenden et al., 1981), and material incompatibility became more of a problem when 
trying to incorporate additional L into solution. In that study, creeping bentgrass shoot 
density did not increase as the BCAA application ratio exceeded 4:1:1, however, BCAA 
4:1:1 increased shoot density 41% and percent cover 53%, compared to equal urea N. 
To overcome those material incompatibility issues, it was investigated if BCAA could 
be applied using a half-rate (1.7 kg-N ha-1) in combination with urea (1.7 kg-N ha-1) (Chapter 
6). A benefit of using urea is that it can act as an organic solvent in this situation through the 
disruption of hydrophobic interactions of the BCAA proteins (Bennion and Daggett, 2003; 
Finer et al., 1972; Hua et al., 2008; Watlaufer et al., 1964), while also disrupting the 
hydrogen bonds of water (Baranov et al., 2011; Barone et al., 1970; Frank and Franks, 1968; 
Hammes and Schimmel, 1967), allowing BCAA and water to more easily come together and 
form a solution. 
A result of that study was that material incompatibility previously observed when 
using a BCAA 8:1:1 or 12:1:1 ratio could be alleviated by using a BCAA ratio half-rate in 
combination with urea. The use of BCAA half-rate (1.7 kg-BCAA-N ha-1, 1,7 kg-urea-N ha-
1) had no effect compared to the BCAA 4:1:1 full-rate (3.4 kg-BCAA-N ha-1) in the 
controlled environment research. On average, BCAA 4:1:1 (3.4 kg-BCAA-N ha-1) and 
4:1:1+N (1.7 kg-BCAA-N ha-1, 1,7 kg-urea-N ha-1), increased shoot density by 54% and 
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49%,  respectively, compared to equal urea N. Based on the results of our controlled 
environment research, the BCAA 4:1:1 full-rate was believed to be optimal for increasing 
creeping bentgrass shoot density. 
Effects of BCAA in the Field 
When the study was conducted in a field setting (Chapter 7), again the 4:1:1 ratio was 
found to result in the greatest increases to creeping bentgrass shoot density and there were no 
differences between a BCAA full-rate (4:1:1) or half-rate (4:1:1+N). However, BCAA 
4:1:1+N was found to be the only BCAA combination to result in a greater creeping 
bentgrass shoot density compared to equal urea N. In the field study, creeping bentgrass 
receiving applications of 4:1:1+N increased creeping bentgrass shoot density by 27% and 7% 
compared to equal N from urea and GreenNCrease, respectively. Additionally, the BCAA 
4:1:1+N treatment also increased creeping bentgrass leaf N content by 10% and 14% 
compared to urea and GreenNCrease. 
Although the shoot density responses observed in this field trial differed from the 
earlier greenhouse studies, the general consensus is that 4:1:1 is the optimal application ratio. 
Under field conditions, it appears that the 4:1:1 ratio will perform better if applied using the 
BCAA half-rate in combination with urea (4:1:1+N). This data is a good example of how 
results observed in controlled environment research can differ from responses observed in the 
field, and demonstrates how plant response to chemical application can be variable across the 
two types of growing conditions (Fletcher et al., 1990).   
A benefit of these results is they encourage the tank mixing of BCAA application 
with urea. Being able to tank mix BCAA with urea greatly decreases the price per application 
when using them as a N source and could possibly increase their use in the turfgrass industry. 
While many golf course superintendents would benefit by having a sprayable product 
 112    
capable of increasing shoot density, the steep price of BCAA would be prohibitive to those 
with a limited maintenance budget. Additionally, it is unclear how the cost of using BCAA, 
which would require several repeated applications throughout the season each year, compares 
to the cost of regrassing with a newer high shoot density cultivar of creeping bentgrass.  
While these results could lead to a lower price per application of BCAA, if the price 
of BCAA were to decline, or an alternative source of BCAA such as a co-product could be 
used in place of pure BCAA, BCAA may be a more viable tool for turfgrass managers to use. 
In the future, efforts will be directed towards identifying whether any of these co-products 
exist, and whether they could be used for the purpose of increasing creeping bentgrass shoot 
density.  
Results Summary 
In summary, using BCAA as a N source in combination with urea in a 4:1:1 ratio can 
result in increased creeping bentgrass shoot density compared to mineral nutrition only, and 
this is similar to the additional benefits of increased protein synthesis observed in humans 
(Blomstrand et al., 2006; Kerksick et al., 2006; Kimball and Jefferson, 2001, 2006; Pasiakos 
et al., 2011). At this time, BCAA could serve as a potential solution for the quick recovery of 
shoot density in struggling creeping bentgrass putting greens. Additionally, in situations 
where no sacrifices are made in the pursuit of perfect surface uniformity, and or the 
maintenance budget is unlimited, applications of BCAA are an excellent option. Best results 
will occur when BCAA are applied in a 4:1:1 ratio using a BCAA half-rate in combination 
with urea (1.7 kg-BCAA-N ha-1, 1.7 kg-urea-N ha-1). 
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